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Abstract 
This study on the littoral of Crosemere has shown that complex 
direct and indirect interactions exist between larvae of the gallery- 
building caddis Tinodes waeneri, the filamentous macro-alga 
Cladophora glomerata, and the larvae of several species of retreat- 
building chironomids. Co-existence between these species is 
facilitated by spatial and temporal patchiness in dispersal ability 
and behaviour by the dominant grazer/competitor Ti nodes waeneri. 
? modes eats Cladophora and thus indirectly controls the 
abundance of chironomids which associate with the Cladophora 
mat. Adult oviposition under trees determines the initial 
distribution of Tinodes and several chironomids. While these latter 
can probably rapidly disperse by swimming, Tinodes dispersal is 
more limited. This creates spatial refugia for Cladophora and 
chironomids in areas of the littoral away from trees. Local-scale, 
temporal refugia are created by Cladophora being able to 'grow 
away' from Tinodes during periods in spring when Cladophora 
colonizes more vigorously than Tinodes. Local-scale spatial refugia 
are also created by modes' apparent reluctance to colonize taller 
stones. 
This spatial and temporal patchiness in species interactions in the 
littoral is set against a background of lake-wide, temporal variation 
which appears to constrain the entire littoral habitat. The summer 
stratification of Crosemere into upper and lower layers causes the 
surface waters, probably including also the littoral, to be seasonally 
nutrient-limited, particularly in nitrogen. This in turn will limit 
primary production in the littoral and thus also secondary 
production. The epilithic species studied all appeared to be food- 
limited in summer. The dominance of the Crosemere littoral by 
retreat-dwelling species may partly be due to their ability to recycle 
limited nutrients within or on their retreats and so to consume 
more algae than is otherwise available to mobile species. 
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Chapter 1 
General Introduction 
Many large lakes have wind-exposed stony shores. Where the 
geology is suitable, waves tend to remove fine sediment and leave 
larger stones and boulders embedded in coarser sediment. Stony 
littorals are limited to larger lakes, as only these will have fetches 
long enough to generate sufficient wave action to maintain erosion 
and prevent shorelines being invaded by reed swamp or alder carr. 
Even within lakes large enough to develop eroding littorals, their 
extent will depend on the shape and aspect of the lake. Naturally- 
occurring stony shores thus tend to be limited in number and 
extent, compared to more widespread reed swamp or carr woodland. 
Many investigations have been conducted on littorals with 
extensive submerged and semi-emergent vegetation. Researchers 
have addressed the direct and indirect interactions between 
invertebrates and littoral macrophytes and the role that these play 
in trophic interactions in the lake as a whole (e. g. Soszka 1975, 
Dvorak & Best 1982, Cyr & Downing 1988, Bronmark 1992, 
Bronmark et al. 1992, Martin et al. 1992, Bronmark 1994). In 
contrast, stony littorals have been much less well studied, although 
there has been sporadic interest over the years (Berg 1938, Macan 
1963, Flint & Goldman 1975, Cuker 1983, Cuker et al. 1992, 
Hershey 1985,1987, Hansson 1988b). In addition to their relative 
rarity in the literature compared to streams or to lake limnetics, 
studies on stony littorals also face sampling problems because of the 
nature of the habitat and substrata (Hansson 1988a, 1992, Cattaneo 
& Roberge 1991). Stony shores are an important part of the lake 
littoral, however, and may interact with the lake limnetic in a 
number of ways, including acting as centres of autochthonous and 
allochthonous (from bankside trees) production, particularly of 
benthic micro- and macro-algae. Many artificial shorelines also 
resemble stony shores, moreover, due to construction of concrete or 
other hard surfaces at the water's edge. The lack of information the 
stony littoral is thus an important gap in the body of pure and 
applied knowledge about lake ecosystems. 
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Animal and algal communities from stony littorals tend to bear 
many similarities with those in streams, although the importance of 
allochthonous material may be relatively less important in lakes 
(Macan 1963, Moss 1988). The habitat can be divided into two parts 
- the community living on stones (either upon or below surfaces) 
and the substratum beneath and between stones. Primary 
production will be greatest on the sunlit upper surfaces of stones. 
The epilithic habitat in both streams and lake littorals is dominated 
by attached benthic algae, largely due to the stable nature of the 
substratum (Macan 1963). These algae may constitute a significant 
part of the total primary production of ponds, streams and lakes 
with well-developed littorals (Wetzel 1983, Moss 1988). Grazing on 
these epilithic algae by retreat-dwelling insect larvae, principally 
chironomids and caddisfly larvae, is a prominent feature of the 
ecology of many streams and lake littorals (Jones 1967, McAuliffe 
1983,1984a, 1984b, Pringle 1985, Hershey et al. 1988, Feminella & 
Resh 1989,1991, Dall et al. 1990, Hart 1992, Cuker et al. 1992, 
Becker 1993, Hasselrot 1993, Bergey 1995). Some species may even 
occur in both lakes and streams, if these are within the same local 
geographical area. A major difference between the two habitats, 
however, is the degree to which hydraulic forces influences 
community structure and organization. 
A great deal of ecological debate has been conducted on the relative 
importance of biotic versus abiotic factors in regulating biological 
communities. Early assertions that species assembly and 
community structure were predominantly determined by 
competition (Diamond 1975, Schoener 1983) have been challenged 
(Connor & Simberloff 1979, Shorrocks et al. 1984). There is now a 
general consensus that biotic factors and abiotic factors act together 
in organizing communities. These may operate along an axis of 
habitat stability or predictability, such that stable, predictable 
habitats may be more influenced by competition or predation, 
whereas disturbed or ephemeral habitats may be chiefly governed 
by abiotic factors (Hildrew & Giller 1994, Tokeshi 1994). Both biotic 
and abiotic factors affect the distribution and abundance of 
freshwater invertebrates (Power 1988, Hildrew & Giller 1994, 
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Tokeshi 1994). Many studies in flowing waters have found that 
hydraulic disturbance can be the major force responsible for 
structuring communities, (Minshall & Minshall 1977, Power 1988, 
Poff & Ward, 1989 and 1990, Feminella & Resh 1990), although 
biotic factors, such as competition, predation and grazing have been 
increasingly shown also to exert a strong influence in less disturbed 
habitats (McAuliffe 1984b, Power et al. 1985, Kohler 1992, Hart 
1992, Feminella & Resh 1990). Although the exposed littorals of 
very large lakes (such as the Great Lakes of North America) may be 
subject sporadically to severe wave action, which tends to be the 
dominant feature of the habitat and organizes communities 
accordingly (Barton & Carter 1982). Smaller lakes will generally 
suffer much less wave action and will not be subject to the constant 
effects of fast flow or potentially catastrophic spates that can 
profoundly influence stream communities. Low wave action may 
even act to enhance the environment of organisms with a high 
oxygen demand (Dall et al. 1990, Hamburger & Dall 1990). The 
relatively undisturbed littoral habitat of smaller lakes and the high 
abundance of retreat-dwelling insect larvae and epilithic algae on 
stone surfaces make this a habitat where biotic interactions, 
including consumer control of algae and competition, are likely to 
figure prominently in the organization of the epilithic community. 
Accounting for the coexistence of vulnerable and dominant species 
in communities where there are such strong biotic interactions is a 
challenge for ecologists. 
Habitat patchiness is attracting increasing attention from ecologists 
as a factor helping to explaining the persistence of vulnerable 
species or communities in the face of strong competition, predation 
of physical disturbance (Hanski 1983, Townsend 1989, Tilman 
1994, Hildrew & Giller 1995, Hildrew 1996). Patchiness, or habitat 
heterogeneity, can act by either providing'refugia' where species 
can escape deleterious physical or biological processes, or by 
modifying the intensity of species interactions (Hildrew & Giller 
1994). In disturbed communities governed by abiotic factors, refugia 
may act to provide areas or microhabitats that escape the worst of 
disturbances, such that invertebrates and algae can persist during 
high flow in streams and rivers (Reynolds 1988, Sedell et al. 1990, 
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Lancaster & Hildrew 1993). In more stable habitats, where biotic 
factors may be more important in controlling species distribution 
and abundance, spatial or temporal refugia may be due to 
vulnerable species being able to disperse further or faster than 
more dominant or competitive species (Cuker 1983). The 
differential dispersal and colonization abilities of sessile species (or 
species with sedentary lifestyles) will be particularly important for 
community structure, as the interactions between these species is 
likely to be particularly strong at any one time (Tilman 1994). 
Temporal variation in species colonisation and dispersal abilities 
may also create patchiness by creating refugia from strong 
interactions, direct or indirect (Shorrocks & Rosewell 1986, Hanski 
1987). 
This patchiness in physical and biological process, providing refugia 
for sensitive species, can take place at a series of nested, 
hierarchical, temporal and spatial scales (Hildrew & Giller 1994, 
Hildrew 1996). Taking account of spatial and temporal 
discontinuity within ecosystems, and recognising the importance of 
scale-dependence and scale effects, is becoming increasingly 
important in freshwater ecology (Fisher 1994). Most recent 
attention in this field has been on the longtitudinal biological and 
physical changes in streams and rivers, from headwaters to 
estuaries (Vannote et at. 1980, Hawkins & Sedell 1981, Corkum 
1991, Statzner & Borchardt 1994, Decamps & Tabacchi 1994). 
Several studies have also shown biological differences between 
neighbouring lakes within a region and linked these to physico- 
chemical factors (Reynolds 1989, Moss et al. 1994). Far fewer 
studies have explicitly looked at 'landscape' scales within lakes, 
although spatial and temporal discontinuities within the littoral 
'landscape' have been shown to be very important in uncoupling 
strong biotic interactions, allowing co-existence between species and 
thus providing community resilience and stability (Hargeby 1990, 
Chick & Mclvor 1994). Stony littorals of lakes are likely to provide a 
good opportunity to study scale, pattern and process at a landscape 
scale, because the basic, discreet habitat of the stone surface can be 
placed within a nested hierarchy of spatial scales, from within and 
between single stones to groups and'meta-groups' of stones. 
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Biological and physical factors will change not only across these 
different spatial scales, but are also likely to do so over time, given 
the strong temporal dynamics experienced by lakes (for example, 
the seasonal stratification of the limnetic into epilimnion and 
hypolimnion and the well-described phyto- and zooplankton cycles). 
Preliminary observations, in September 1992, of the stony littoral of 
Crosemere, one of the larger of the North Shropshire Meres in the 
English Midlands, found that there was a strong degree of spatial 
patchiness within the epilithic community. Some groups of stones 
were covered with the filamentous alga Cladophora glomerata, 
whereas other stones nearby had only sparse Cladophora cover and 
appeared to have a high density of larvae of the psychomyiid 
caddisfly Tinodes waeneri. These differences appeared to relate to 
two specific variables along the shore - position of stone with 
respect to bankside trees and depth. These two factors potentially 
could have provided local-scale physical differences in the stony 
littoral. Other, smaller-scale, physical causes of spatial and 
temporal patchiness were stone morphology, local differences in 
sediment size distribution and local disturbance of stones by waves 
and biotic factors. 
There were therefore three features of this shoreline that were of 
interest: i) the epilithic community was divided into many discreet 
habitat 'islands' (stones) ii) there was evidence of patchiness in this 
community at several different hierarchical scales and iii) there was 
a potential for strong biotic interactions between organisms on the 
stones. The stony shore of Crosemere thus presented a good 
opportunity to study the role of scale-dependent processes on a well- 
defined habitat (the stone surface) with a relatively small number 
of strongly interacting species. 
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Aims of the study 
The fundamental aims of this study was to explain spatial and 
temporal patterns in the attached, sedentary organisms living on 
stone surfaces in the littoral of Crosemere. The explanation sought 
lay in the processes underlying and producing the patterns 
observed. This was acheived in three stages: 
1. The first task was to describe the spatial and temporal 
patchiness of the epilithic community, in the littoral of Crosemere, 
over one calendar year, between and within the two physical 
variables of tree shade and depth. The distribution and abundance 
of invertebrate species and life stages, together with the overall 
abundance of algae, were measured, therefore, in a survey of 
natural stones. 
2. Having established the spatial and temporal pattern of the 
epilithic community, the second task was to identify possible 
mechanisms of community structure, including potential 
interactions and means by which species co-existed. 
3. The third task was then to perform field experiments to test 
hypotheses arising from the first year's survey. These were planned 
for the second and third year of the study. 
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Chapter 2 
Introduction to Crosemere 
2: 1. Physical/Chemical Characteristics 
a) Geography / Geology 
The Shropshire/Cheshire Plain is a region of low-lying land lying 
between the Mersey estuary and the South Shropshire hills and 
between the Welsh Massif in the west and the Pennines in the east. 
There are several prominent hill ridges within the region. The 
underlying rock types are older carboniferous rocks of limestones, 
grits, shales and coal measures and younger Triassic sandstones. 
These rock types lie buried underneath a blanket of unconsolidated 
galcial till, laid down during the Pleistocene ice advances. This 
galcial till varies in thickness, from 10m to over 100m in parts of 
Cheshire (Reynolds 1979). 
The glacial till is of two major types: i) heavy, unstratified boulder 
clay laid down at the base of advancing glaciers and ii) resorted 
silts, sands and gravels carried out and deposited at the foot of 
retreating glaciers by meltwater from the decaying glaciers. The 
glacial till originates from two galciers which entered the 
Shropshire/Cheshire plain from two directions - one from the North 
West, via the Irish Sea and one from North Wales (Reynolds 1979). 
Rocks brought with these glaciers are very varied and include 
fragments of Welsh slate, volcanic ash, Carboniferous sandstone 
and limestone, granite, mudstones, occasional flint and recent 
marine shells. Large boulder 'erratics' dot the landscape and several 
are prominent in the littoral of Crosemere. 
The retreat of the glaciers, 14,000-15,000 years BP, left a series of 
geological formations resulting from the combined effects of glacial 
moraine outwashing from the glaciers and large pieces of glacier 
becoming detached and partially buried in the freshly-deposited till. 
These large pieces of ice entombed in the till gradually melted and 
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left a series of steep-sided hollows in the till which became filled 
with glacial meltwater. These are known as 'Kettle Holes'. In 
addition to these hollows, meltwater streams from the glaciers 
eroded the deposited till and washed silts, sand and gravels into 
moraine ridges. Where these ridges dammed depressions in the till, 
meltwater lakes formed, possibly also including kettle holes in their 
basins (Sinker 1962, Reynolds 1979). The lakes formed in these 
ways now persist as a series of lakes or "Meres", occuring as 
clusters throughout the Shropshire/Cheshire Plain. Many of these 
meres have been continously water-filled since at least 12,000BP. 
The location of the existing meres and their previous extent is 
shown in Fig. 2.1. 
There are more than sixty open water meres and pools exceeding 1 
ha in area and over 200 peat-filled "Mosses" lying within glacier- 
formed depressions in the till of the Plain (Reynolds 1979). Almost 
all lie below the 120m contour. The cluster of lakes that are centred 
around Ellesmere in the North West of Shropshire include The 
Mere at Ellesmere, Cole Mere, White Mere, Newton Mere, Blake 
Mere, Kettle Mere, Crosemere and Sweat Mere (Fig. 2.1). All lie 
within a few miles of each other. Most of these lie in hollows among 
the sand and gravel ridges, though some abut on the boulder clay 
and two (White Mere and Ellesmere Mere) lie wholly on it. 
Crosemere forms the larger basin of a complex of meres and mosses 
at the site, separated by gravel ridges (Fig. 2.2). The two lakes are 
Crosemere (15.2 ha) and Sweat Mere (0.2 ha) to the east. Sweat 
Mere is the smallest of the Ellesmere meres, surrounded by 
extensive reedswamp and alder carr. Its depth does not exceed 2m. 
It is a notable example of a hydrosere progression from open water 
to alder carr and oak woodland (Sinker 1962). Crosemere lies to the 
south of a large area of aforested peatland, Whatall Moss. The 
southwestern corner of this moss has a layer of Sphagnum peat 1.5 
m thick overlying and unplumbed depth (>12m) of watery mud 
filling a steep-sided basin, which is probably a kettle hole (Hardy 
1939). A low sand/gravel ridge separates Whatall Moss from 
Crosemere. The whole complex is possibly a single moraine- 
dammed basin having two roughly parallel hollows (Whatall Moss 
and Crosemere) uniting at the end of the sand/gravel ridge, where 
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Sweat Mere now lies (Fig. 2.2). The level of the whole complex must 
have originally been up to 2-3 m higher than present. An iron-age 
fort is situated on the ridge separating Crosemere from Whatall 
Moss at a place fromerly known as Stockett. A ditch has been dug 
across the ridge, which at one time must have contained water as it 
has a layer of sand at its bottom, similar to the bed of the mere, 
which contains the roots and stems of reeds (Hardy 1939). The 
meres and mosses of the complex were possibly a contiguous large 
lake at this time. A shelf running along the Northwestern shore of 
Crosemere demonstrates both the former raised level of the lake 
and its larger extent. During the digging of drainage ditches in the 
last century, an ancient dug-out canoe was found at Whatall Moss 
about 2m below the surface of the peat, indicating that this was 
once open water. The canoe is at least 2000 years old (Hardy 1939). 
Hardy (1939) reports that the drainage operations in the last 
century lowered the level of the lake by 2-3m. This is unlikely, 
however, because a water level 2-3 m higher would have connected 
Sweat Mere with Crosemere and these have been separate for at 
least 3 centuries (Sinker 1962). In addition, the oak woodland 
surrounding Sweat Mere (at about the same elevation as 
Crosemere), and the mature ash trees abutting the shore of 
Crosemere demonstrate that the level of the two meres has been 
stable for two to three centuries, at the very least. 
Crosemere is a generally simple basin (Fig. 2.3). The bottom 
material ranges from stones and coarse gravel on the north-eastern 
side of the mere, through to fine, dark organic sediments, elsewhere 
in the basin (Reynolds 1975). 
b) Climate 
The climate of the Cheshire Plain is dominated by the both its 
proximity to the Western seabord and its position relative to the 
Welsh massif. The first ensures overall temperate, humid sub- 
oceanic conditions and the second provides a rain shadow from 
westerly winds, causing the area to be drier than regions further 
north. The annual precipitation is estimated to be about 673mm 
(Reynolds 1979). 
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c) Water Supply 
Rain intercepted by impervious boulder clay of the underlying 
lodgement till will accumulate above this till. Depressions below the 
level of the water table will fill with water. The Meres can thus be 
considered as surface manifestations of the water table (Sinker 
1962). Crosemere has no natural direct surface inflows. A single 
outflow ditch drains from the east of the mere into Sweat Mere. 
Drains lead from Sweat Mere into the River Roden catchment, 
dropping only 3m in 3 km (Reynolds 1975). Fluctuations in the level 
of the lake surface are slight, within an annual range of 100-150 
mm in the 3 years 1966-1968. The relative stability in level implies 
a constant input of water to balance the output of water from the 
eastern drain and this could only be from underground sources 
(Reynolds 1975). The amount of groundwater shed by the 
catchment of Crosemere (2.154 m2) into the basin approximately 
balances the loss from evaporation from the catchment plus the loss 
from the eastern drain, so it appears that Crosemere is largely fed 
by groundwater inflow from its catchment (Reynolds 1975). 
d) Hydrochemistry 
Rainwater passing through the glacial till will accumulate soluble 
minerals and become chemically modified. The till is rich in 
calcium, magnesium, potassium, sodium, sulphates, carbonates and 
phosphates. Mineral-rich groundwater will thus feed the mere 
basins, the concentration of the various minerals varying from 
catchment to catchment. The physical and chemical characteristics 
of the Ellesmere Meres is shown in Table 2.1. The phosphate levels 
are higher than in most natural lake waters, though are considered 
to be derived naturally from the apatite mineral in the glacial till 
(Reynolds 1979). Nitrogen levels have probably increased over the 
last few decades, as a result of application of nitrogenous fertilisers 
to agricultural land. The levels are such, however, that plant 
growth in the meres are likely to be more nitrogen-limited than 
phosphate-limited (Reynolds 1979). It can be seen that that 
conductivity, pH, alkalinity and most of the dissolved minerals are 
substantially higher in Crosemere than the other Ellesmere Meres, 
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with the exception of phosphorous, indicating the nutrient-rich 
status of its catchment till (Table 2.1). High levels of nutrients are 
likely to have been present for many centuries. Crosemere as a 
whole will have been naturally highly productive for most of its 
existence, with increasing eutrophication taking place since forest 
clearance 2-3000 years ago (Reynolds & Sinker 1976). 
e) Thermal Stratification 
Thermal stratification occurs when surface lake water (epilimnion) 
becomes warmed in summer and floats on top of cooler denser water 
beneath (hypolimnion). Light summer winds are insufficient to mix 
these two layers for much of the time (Moss 1988). Mixing of the 
two layers is more likely to happen in shallow lakes. The 
consequences for lakes undergoing this process are severe. The 
hypoliminion includes the least well illuminated waters of the lake 
that have very low photosynthetic oxygen production. In addition, 
decomposition of decaying organic material that falls to the bottom 
will deplete the remaining oxygen. The resulting anoxic conditions 
in these lower waters are unsuitable for many organisms, including 
fish and affect the concentrations of the various dissolved minerals 
in the water (Moss 1988). 
All of the meres exceeding 5-8 m in depth so far investigated have 
býn shown to stratify thermally (Reynolds 1979). Onset of 
stratification begins in spring and lasts until late summer-late 
autumn, depending on depth and exposure. Crosemere has been 
shown to stratify thermally from late May through to mid- 
September, with a concomitant drop in oxygen concentration in the 
hypolimnion (Reynolds 1976a). The consequences for pelagic 
organisms will be discussed in the next chapter. 
f) Land Use 
The catchments of most of the Ellesmere meres are agricultural, 
with some afforestation, usually on the ancient mosses. Part of the 
catchment of Ellesmere Mere is urban development of Ellesmere 
Town. 
33 
The fields along the northern and eastern shores of Crosemere are 
under permanent pasture and grazed by cattle and sheep. The 
northern fields are not fertilised to any great extent. The fields 
bordering the south of the mere are arable and regularly supplied 
with artificial fertilizer. The broken line of trees along the northern 
stony shore are not being regenerated because of grazing by the 
cattle and sheep. Grazing similarly reduces the height and diversity 
of fringing vegetation. Along the stretches of northern shore which 
lack trees, grazing reduces the fringing vegetation to short turf 
right to the water's edge. Cattle, drinking from the Mere, 
occasionally disturb the littoral and turn stones over. Cattle dung 
may also cause very local nutrient-enrichment of the littoral. 
2: 2. Biological Characteristics 
a) Phytoplankton 
The phytoplankton of Crosemere is dominated by large populations 
of relatively few species of algae (Reynolds 1973). The blue/green 
algae Anabaena, Aphanizomenon and Microcystis and the diatoms 
Melosira granulates and Stephanodiscus astraea which are 
abundant throughout the summer are indicative of generally 
eutrophic conditions (Rawson 1956). The occurence of the various 
species of phytoplankton found in Crosemere is shown in Table 2.2. 
One of the features of the Meres is the appearance of sudden blooms 
of algae in the surface waters. This is known locally as the 
'breaking" of the meres. This phenomenon occurs in summer and 
autumn and typically during calm periods after windy conditions 
(Reynolds 1976b) . Blooms appear to be due to already-present 
populations of blue/green algae becoming overbuoyant, due to 
physiological stress or as a response to low light conditions during 
periods of mixing and rapidly rising to the surface. In addition, 
water turbulence would be too weak to overcome the tendency of 
the algae to float (Reynolds & Walsby 1975). There does not appear 
to be an excessive growth of algae prior to a bloom (Reynolds 1971). 
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Table 2.2. Phytoplankton species found in Crosemere. C, common 
at most times; R, infrequently abundant; S, seasonally abundant; 
+, occasional records. (From Reynolds 1973) 
MYXOPHYCEAE 
Anabaena circinalis, Rabenh. ex Born. et Flah. S 
A. flos-aquae Breb. ex Born. et Flah. + 
A. solitaria Klebs, f. planctonica (Brunnth) R 
A. spiroides Klebs, f. crassa (Lemm. ) Elenk. R 
A. spiroides Klebs, f. spiroides Elenk. R 
Aphanizomenon floa-aquae Ralfs ex Born. et Flah. S 
Aphanocapsa elachista W. et G. S. West R 
Coeloshaerium naegelianum (Unger. ) Lemm. S 
Gleaotrichia echinulata J. E. Sm. + 
Microcystis aeruginosa (Kutz. ) Kutz. S 
Microcystis wesenbergii Komarek + 
Oscillatoria limnetica Lemm. + 
XANTHOPHYCAE 
Monodus cf. guttulus Pascher 
Nephrodiella lunaris Pascher 
Tribonaema sp. 
CHRYSOPHYCEAE 
Chrysochromulina sp. 
Chrysoccocus sp. 
Mallomonas akrokomus Ruttn. 
Pseudopedinella sp. 
R 
+ 
R 
+ 
+ 
+ 
+ 
35 
BACILLAR. IOPHYCEAE 
Asterionella formosa Hassal S 
Fragilaria crotonensis Kitton S 
Melosira granulata (Ehrenb. ) Ralfs S 
Navicula spp. + 
Nitzschia acicularis W. Sm. R 
Stephanodiscus astraea (Ehrenb. ) Ralfs S 
Stephanodiscus hantzchii Grun. C 
Synedra acus Kutz. + 
Tabellaria fenestrata (Lyngb. ) Kutz. + 
CHLOROPHYCEAE-VOLVOCALES 
Chlamydornonas spp. R 
Eudorina elegans Ehrenb. S 
Gloeocystis gigas Lagerheim + 
Gonium sociale (Duj. ) Warming R 
Pandorina morum Bory S 
Phacotus ledneri (Ehrenb. ) Stein S 
Pteromonas sp. + 
Volvox aureus Ehrenb. S 
Volvox globator Ehrenb. R 
CHLOROPHYCEAE-TETROSPORALES 
Elakothrix gelatinosa Wille s 
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CHLOROPHYCEAE-CHLOROCOCCALES 
Ankistrodemus falcatus (Corda) Ralfs. 
var. spirilliformis G. S. West 
Ankistrodesmus sp. 
Ankyrajudayi (G. M. Sm. ) Fott. 
Botryococcus braunii Kutz. 
Chlorella sp. 
Coelastrum microporum Naeg. 
Dictyosphearium pulchellum Wood 
Didymocystis inconspicua Korsh. 
Kirchneriella cf obesa (West) Schmidle 
Oocystis sp. 
Pediastrum boryanum (Turp. ) Menegh. 
Pediastrum duplex Meyen 
Selenastrum sp. 
Scenedesmus bjuga (Turp. ) Lagerh. 
Scenedesmus quadicauda (turp. ) Breb. 
Sphaerocystis schroeteri Chod. 
Tetraedron minimum (A. Br. ) Hansg. 
Tetrastrum staurogeniaeformae (Schrod. ) Lemm. 
CHLOROPHYCEAE - ULOTRICHALES 
Raphidonema longiseta Vischer 
Stichococus sp. 
CHLOROPHYCEAE - DESMIDALES 
Closterium aciculare T. West var. subpronum W. et G. S. West 
Closterium acutum Breb. var. variable (Lemm. ) Krieger 
Closterium tortum B. M. Griffiths 
Closterium sp. 
Staurastrum cingulum (W. et G. S. West) G. M. Sm. 
C 
+ 
S 
+ 
S 
S 
S 
t 
+ 
S 
S 
+ 
+ 
+ 
C 
R 
R 
+ 
+ 
+ 
S 
+ 
S 
+ 
R 
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EUGLENOPHYCEAE 
Trachelomonas sp. + 
DINOPHYCEAE 
Ceratium hirudinella O. F. M. S 
Glenodium sp. + 
Gymnodium sp. + 
Peridinium cinctum Ehrenb. S 
CRYPTOPHYCEAE 
Crytomonas erosa Ehrenb. (sensu lato) R 
Cryptomonas ovata Ehrenb. (sensu lato) C 
Cryptomonas cf. curvata s 
Cryptomonas sp. R 
Rhodomonas minuta Skuja var. nanno-planktica Skuja C 
(=R. Pusilla (Bachmann) Jav. ) 
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Various factors, including differences in specific composition of the 
blue-green algal populations, nutrient stress, the availability of 
carbon dioxide and the relative sheltering of the different basins 
will also contribute to variations in bloom formation, from bloom to 
bloom and from mere to mere (Reynolds 1979). 
b) Zooplankton 
The most widespread and relatively abundant species to 
zooplankton to occur in the meres include Keratella cochlearis, K. 
quadrata, Asplancha priodonta, Polyartha dolichoptera, Daphnia 
hyalina, Bosmina longirostris, Diaptomus gracilis and Cyclops Iýý 
strenuus. (Reynolds 1979). Chaoborus spp. are also common in 
many of the meres. 
c) Vegetation 
Figure 2.4 shows the vegetation and substrate type of the shoreline 
of Crose Mere. The western and southern shores are characterised 
by discontinuous fringing reed beds. The northern shore is 
characterised by a steeply shelving rocky shore that supports few 
macrophytes. Bankside tree cover is also discontinuous around the 
mere. The trees of the northern shoreline are dominated by alder 
(Alnus glutinosa), with occasional hawthorn (Crataegus monogyna), 
bramble (Rub us fruticosus), elder (Sambucus nigra) and large, 
mature ash (Fraxinus excelsior). The woodland at the western edge 
of the mere is alder carr, those at the southern and eastern shore 
mixedder and ash. There are several stretches of shoreline 
consisting of sand and gravel leading to short, grazed turf, along the 
northern and eastern shores. Succesion from open water through 
reed fen to alder carr in a hydrosere progression occurs at the 
western end of the lake. This has been investigated by Sinker 
(1962) and Fig. 2.5 shows the progression of vegetation from open 
water to fen meadow. The fringing vegetation of Crose Mere shows 
signs of having changed over the last few decades. The fringing 
lillies described by Sinker (1962) are now almost absent from the 
lake (pers obs. ) apart from a few patches along the southern shore. 
Phragmites reeds are reported to be being displaced by Typha by 
Reynolds (1979). The reasons for this change are unclear. It is 
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Fig. 2.5. Diagram of 1 m-wide transect at western end of Crosemere, 
1960, showing the seral progression of littoral vegetation (from 
Sinker 1962) 
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possible that increased nutrients from fertilisers applied to 
farmland at the southern edge of the lake are responsible for 
increased tubidity and/or growth of periphyton which may have 
caused the decline of lillies. Carp (Cyprinus carpio) have been 
introduced to the mere during the last few decades, as possibly have 
bream (Abramis brama) and tench (T'inca tinca) (see below). These 
bottom feeding fish may well have affected the submerged 
macrophytes since their introduction. 
'd) Littoral invertebrates 
A few studies have been carried out on the littoral communities of 
the meres in the past. Groups studied include the Corixidae (Savage 
& Pratt 1976), Gastropoda, Hirudinea, Amphipoda, Isopoda, 
Tricladida (Young & Harris 1974). The distribution and densities of 
corixids in the North Shropshire meres is shown in Table 2.3. 
Savage & Pratt (1976) attempted to relate the distribution of corixid 
species in the meres to the present state and past history of the 
hydrosere, as shown by the occurrence of emergent vegetation and 
fen peat. They concluded that the corixids in the meres they 
investigated were predominantly of an open-water species 
community and that these meres still lacked sufficient hydrosere 
development to support communities characteristic of advanced 
hydroseres. 
The distribution and densities of snails in the Ellesmere meres 
(Young & Harris 1974) is shown in Table 2.4. Crosemere has a 
much higher density of snails than the other meres. This is almost 
entirely due to the abundance of Potamopyrgusjenkinsi in the 
littoral vegetation. Overall, the stony littoral of the meres supports 
a much lower density of snails than does the vegetated littoral. The 
numbers and relative abundances of snails from the stony littoral of 
five of the meres (Table 2.5) shows that Potamopyrgus is 
numerically dominant in each (Young & Procter 1986). Crosemere 
has a similar density of snails along its northern stony shore as do 
the other nearby meres. The distribution and relative abundance of 
leeches from the meres (Table 2.6) shows that Crosemere has a 
similar density of leeches compared to the other meres and that, for 
all meres, densities in the stony littoral are much higher than the 
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vegetated littoral (Young & Harris 1974). A somewhat similar 
pattern is apparent for the flatworms of the meres (Table 2.7). 
Crosemere has densities comparable with other meres (with the 
exception of Cole Mere). Densities are, however, greater in the 
stony littoral compared to the vegetated littoral. The differences in 
densities of these two groups of predatory animals and herbaceous 
snails presumably reflects differences in food availability (algae or 
invertebrates) and predation pressure (from fishes and 
macroinvertebrates) in the two habitats. The density of amphipods 
in Crosemere is similar to those in the other Ellesmere meres 
(Table 2.8). There appears, however, to be a higher density of 
Asellus aquaticus, in Crosemere. Both groups appear to have 
somewhat higher densities in the vegetated littoral compared to the 
stony littoral. 
There is little published information on the littoral insects of the 
meres. Caenis horaria and Cloeon dipterum of the Ephemeroptera 
are reported to be widespread throughout the meres (Reynolds 
1979). Nemoura cinerea is the only stonefly to have been recorded 
from any mere (Crosemere) (Reynolds 1979). 
e) Profundal Communities 
These communities have been little studied in the past. Tait- 
Bowman (1976) studied the distribution and abundance of 
profundal chironomid larvae in the Shropshire Meres. In the three 
meres studied, Newton Mere, Blake Mere and Crosemere, the most 
common species found were Chironomus anthracinus and 
Procladius choreus. Chironomus anthracinus were locally abundant 
in Crosemere, exceeding 3000 m-2 at a depth of 3.0-4.5 m, but the 
population became severely reduced below 6. Om depth in the 
summer. The maximum densities of Procladius were found at a 
depth of 3-4 m. Chironomus was limited by the sandy nature of the 
profundal bottom in Crosemere and production of hydrogen 
sulphide in the hypolimnion. Procladius was limited by the 
availability of oxygen. 
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f) Fish 
Pike (Esox lucius), Perch (Perca fluviatilis), Roach (Rutilus rutilus) 
Eel (Anguilla anguilla) and Stickleback (Gasterosteus aculeatus) are 
almost ubiquitous in the meres. Various species have been 
introduced by anglers over the years, including Bream (Abramis 
brama ), Tench (Tina tinca) and Carp (Cyprinus spp. ). Trout 
(Salmo trutta) and Dace (Leuciscus leuciscus) occur in some of the 
meres. Mirror Carp and Common Carp are quite common in 
Crosemere (pers. obs. ) and feeding pits dug by these fish in the 
sandy/gravel littoral are conspicuous features of this habitat. Fish 
populations of the meres are characterised by low species diversity, 
high year class instability and relatively fast growth rates 
(Goldspink 1978). 
g) Other vertebrates 
Birds that either visit the lake or are resident include common 
species of ducks, Moorhen (Gallinula chloropus), Coot (Fulica atra), 
Canada Goose (Branta canadensis), Mute Swan (Cygnus olor). Coot 
and Moorhen breed at the lake, but breeding by other species is 
uncommon, possibly because of the lack of suitable cover and/or 
predation by foxes and mink, which have been seen on the shoreline 
(pers. obs. ) 
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Chapter 3 
Algal and invertebrate abundance on stone surfaces in the 
littoral of Crosemere. 
3.1 Introduction 
The biota of lakes is made up of many separable communities, in 
limnetic, profundal and littoral habitats. Even within a single habitat, 
there may be a variety of sub-habitats at several different spatial 1ýýý ýý} 
) 
scales. A seal has been the focus of recent attention is that of the 
landscape, a 
Irm 
that can be used to refer to the mosaic of habitat 
patches in which a particular 'patch' is embedded. A patch can be 
defined at its simplest as any place in the environment where the 
abundance of either resources or organisms is high or low relative to its 
surroundings (Roughgarden 1977), or even as a surface area differing 
from its surroundings in nature or appearance (Wiens 1976). The 
landscape scale would differ for different types of organism, but 
generally occupies a spatial scale between an organism's normal home 
range and its regional distribution (Dunning et al. 1992). The scale at 
which community studies are conducted will influence the conclusions 
reached about those communities and a comprehensive understanding 
of the factors limiting organism abundance can best be reached by 
understanding the factors affecting abundances at a nested hierarchy of 
scales (Addicott et al. 1987, Turner 1989, Kotliar & Wiens 1990). 
Patchiness within a landscape can help explain the persistence and 
stability of biological communities, so that vulnerable species are able 
to persist in the face of physical disturbance or strong negative 
interactions with other species, such as competition or predation 
(Hildrew 1996). Patchiness, or habitat heterogeneity, can act by 
providing 'refugia', where species can escape deleterious physical (such 
as drought or flood) or biological processes (such as competition or 
predation) (Hildrew & Giller 1994). Which process is more important 
will depend on the nature and habitat. Freshwater stream communities 
have been grouped into three extreme 'types', depending on how they 
are structured with respect to existence and persistence of patterns in 
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the richness and relative abundance of species (Hildrew & Giller 1994). 
These communities are either disturbance-controlled, or structured by 
competiton or predation. Species persistence within disturbance- 
dominated stream communities may depend largely on patchiness in 
relation to hydraulic disturbance. The presence of reaches, or 
tributaries within the catchment of a river, that escape high flood 
events, can provide spatial refugia where communities can persist and 
from where they can recolonize the main channel (Seddell et al. 1990). 
At smaller scales, lotic species have been found to gather (passively or 
actively) in areas within the channel, such as pools behind tree roots or 
between boulders, which retain low sheer stress during flood events 
(Lancaster & Hildrew 1993). The persistence of phytoplankton in rivers, 
despite the constant potential for being swept downstream, results from 
algae being contained in 'storage zones' of unmixed water, which 
remain stable for long periods (Reynolds 1988). 
In competitive communities, patchiness in the distribution of species' 
interactions, as a result of either habitat spatial heterogeneity (with 
different species favouring different microhabitats) or by species having 
different dispersal abilities, can act to provide spatial or temporal 
refugia (Hildrew & Giller 1994). Patchiness, whether spatial (through 
habitat heterogeneity) or temporal (through more mobile prey being 
able to colonise new areas faster than predators) can also enable prey to 
co-exist with predators (Hildrew & Townsend 1977). 
Most studies on the patchiness of freshwater systems have been focused 
on streams, where it has long been recognised that patchiness is a 
strong feature of these habitats. Local patchiness in lotic benthic 
communities can be induced by both biotic and abiotic factors, such as 
substratum microhabitat differences (Minshall & Minshall 1977, 
Flecker & Allan 1984, Williams & Moore 1986, Downes et al. 1993, 
Ruse 1994), competition (McAuliffe 1983,1984a, Hart 1987, Lancaster et 
al. 1988, Morin 1991, Kohler 1992), grazing (Lamberti & Resh 1991, 
Hart 1992, Sarnelle et at. 1993, Pringle 1996), availability of food 
resource (Malmqvist & Sjostrom 1984, Gresens & Lowe 1994) predation 
(Scofield et al. 1988, Lancaster et al. 1991), hydraulic disturbance 
(Statzner & Higler1986, Sinsabaugh et al. 1991, Schmid 1992a, 
Lancaster & Hildrew 1993). Patchiness at greater scales can be due to 
differences in resource supply (Vannote et al. 1980, Hawkins & Sedell 
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1981, Winterbourn et al. 1985 ) or large scale physio-chemical 
differences (Townsend et al. 1983, Rutt et al. 1989, Rundle & Hildrew 
1990, Juliano 1991). 
Much less information exists about patchiness in lentic systems. In the 
lake limnetic, the ability of algae to persist in summer in the face of low 
nutrients and high predation pressure is facilitated by spatio-temporal 
heterogeneity that de-couple algae and grazers. This includes the 
vertical and horizontal dispersal abilities of zooplankton, microhabitat 
differentiation and temporal variation in food resources (Neill 1994). In 
contrast to the large body of literature on the lotic benthos, there is 
much less information on the patchiness of lentic benthic communities. 
However, spatio-temporal variation in sediment composition 
(Kuklinska 1992, Hornbach et al. 1993), the benthic food web (Warren 
1989), predation pressure (Hershey 1985, Ten Winkel 1987, Goyke & 
Hershey 1992, Real & Prat 1992), oxygen concentration (Dall et al. 1990, 
Hamburger & Dal11990, Heinis 1991), wave action (Barton & Carter 
1982) and competition (Cantrell & McLachlan 1977) have all been 
shown to influence community composition. There have been very few 
studies explicitly investigating patchiness in lake littorals, particularly 
the shallow zone of stony littorals. One example of patchiness 
facilitating co-existence in the lake littoral is the relative colonizing 
ability of crawling and swimming invertebrates, where ephemeral 
macrophyte patches are dominated by highly mobile, less competitive 
invertebrates (chironomids) and permanent patches are dominated by 
slower-colonizing, more competitive species (Asellus and Gammarus 
spp. ) (Hargeby 1990). 
Initial observations of the littoral of Crosemere revealed patchiness at a 
variety of scales. At the largest, lake-wide, scale, the shoreline varied 
markedly with aspect, with the southern, wind-sheltered shore being 
dominated by fringing reeds and macrophytes and with a bed of fine 
sediment. The northern, wave-exposed shore (exposed to south-westerly 
winds) was characterised by a stony littoral, with a bed of coarse 
sediment including many pebbles, stones and larger rocks, and was 
dominated by epilithic algae and retreat-dwelling invertebrates. 
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The northern, stony shore showed considerable heterogeneity, both 
along its length and up and down the shore. There was a patchy 
distribution of trees along the bank of the shore, such that there was a 
central belt of trees and wide areas either side that were characterised 
by low grazed grass and tussocky vegetation. Even along the woody 
shore, there was a broken distribution of bankside trees, with the bank 
and littoral being shaded in parts and open in others. Preliminary 
observations showed that the algal and invertebrate communities on 
stone surfaces was related to the distribution of trees, such that there 
were marked differences between patches of stones which were directly 
under the trees, compared to those in open areas. There was also 
marked patchiness between shallow and deep areas of the littoral, with 
stones in shallow water apparently having a different abundance of 
algae and invertebrates than those in deep water. In addition to the 
lake-wide variables, such as seasonal temperature and light levels, 
which affected all stone communities, there were thus two major 
physical variables which seemed to influence the local spatial 
patchiness of the stony shore epilithic community - proximity to trees 
('shade') and depth. 
Within these patches of stones, either shaded or open, shallow or deep, 
there were also strong differences between individual stones, especially 
with respect to the abundance of filamentous algae. Further patchiness 
was apparent within individual stones, with filamentous algae often 
occurring as discrete clumps on the stone surface. 
This raised a number of questions about the origins and significance of 
this local, small scale patchiness (between patches of stones and both 
between and within individual stones) for the littoral community and 
whether there were larger-scale controlling factors in the lake as a 
whole, such as the effects of nutrient concentrations or the presence of 
high densities of phytoplankton in the surface waters. 
Light/shade has already been recognised as a factor that causes 
patchiness within freshwater stream communities, through its limiting 
effect on algal growth, usually in conjunction with nutrients or grazing 
pressure (Hill & Knight 1988, Steinman et al. 1989, Rosemond 1993). In 
a study of pasture and forested streams in Eastern Australia, it was 
found that there were differences in algal biomass (expressed as 
54 
chlorophyll a) between the two sites in winter, but not in summer, and 
also in invertebrate guild structure, with there being more grazers at 
the pasture site and more shredders at the forested site (Reed et al. 
1994). Between-stream and seasonal differences, however, were 
considered to be stronger than local effects. Comparing shaded reaches 
with open reaches of the same stream in Utah, USA, Behmer & 
Hawkins (1986) found that macroinvertebrate abundance and 
production were significantly higher overall in open than shaded 
reaches. This was considered to be the result of higher food quality in 
the open reaches or a phototactic attraction to sunlit areas. In a study 
of six Oregon, USA, streams, tree canopy shading was found to be a 
more important factor in influencing total abundance and guild 
structure than substratum composition (Hawkins et al. 1982). Streams 
without shading had higher abundances of invertebrates than did 
shaded streams. 
Depth as a factor regulating freshwater benthic communities has been 
less well investigated. In Lake Esrom, Denmark, the epilithic 
community at 0.4m depth was dominated by species with a high oxygen 
demand and/or a preference for algal foods, compared to communities at 
2.0 m depth (Dall et al. 1990). Tinodes waeneri, common in the littoral 
of this lake, was mostly confined to oxygen rich shallow areas, with 
there being few individuals found at depths of 2m (Dall et al. 1984). 
Wave exposure in the littoral zone of Lake Huron, Ontario, decreased 
with depth (Barton & Carter 1982). Shallow zones were more wave- 
exposed than deeper zones. Total abundance of invertebrates tended to 
decrease with increasing degree of exposure. The density of 
phytophagous chironomids in a reservoir littoral community was found 
to decrease with depth and increase with oxygen content in the bottom 
waters (Real & Prat 1992). Chironomid density was also higher in 
shallower areas, where the sediment was coarser. Chironomid density 
showed distinct zonation with depth in a Polish reservoir, 
corresponding to differences in the composition of the bottom sediments 
(Kuklinska 1992). 
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The current study was begun with a systematic survey of the littoral 
stone-dwelling organisms over the course of one year. The specific aims 
of the survey were as follows: 
1) To describe the life cycles of the epilithic macroinvertebrates 
2) To quantify the invertebrate and algal distribution and abundance 
for the stony littoral zone as a whole. 
3) To assess the proximal effect of shade from riparian trees (and other 
tree-related effects) and depth on the epilithic community. 
4) To provide information on possible processes determining the 
observed patchiness in the community. 
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3.2 Methods 
3.2.1 Sampling design 
A visual exploration was made of the north shore of the lake, which 
abutted the stony littoral, in November 1992. The algae and 
invertebrates along the shore were apparently patchily distributed with 
respect to both depth of stone and position with respect to trees (largely 
alder (Alnus glutinosa) and ash (Fraxinus excelsior)). These trees were 
themselves patchily distributed along the shore, occurring in a 
discontinuous strip, with wide areas of treeless pasture on the bank of 
the stony littoral to both sides. 
In order to assess the patchiness of the stone communities with respect 
to these two variables of depth and shade, stones were selected, each 
month, from areas of littoral that were either open (not directly shaded 
by trees) or shaded. From each open or shaded area, stones were 
selected from either shallow (10-20cm deep) or deep (30-50 cm) areas. 
This sampling regime gave stones that were from one of four types of 
littoral habitat - or'patch types'. These were 1) Open/Shallow, 2) 
Open/Deep, 3) Shaded/Shallow, 4) Shaded/Deep. The physical 
characteristics of light, temperature and wave action for each of the 
four habitat patch types were also measured. 
Sampling was restricted to a particular microhabitat from within each 
habitat patch type - that of the upper, sunlit, surface of stones. Stones 
chosen had a maximum greatest dimension of 25 cm and a minimum 
dimension of 10-12 cm. This was done to minimise any variation due to 
stone size. 
In order to replicate adequately the sampling of stones from the four 
habitat patch types, three open sites and three shaded sites were 
selected along the shore. Each site was at least 10m away from its 
nearest neighbour and each had shallow and deep areas. Thus, each 
habitat patch type had three different replicates at different sites along 
the shore. Fig. 3.1 shows the location of each replicate patch types along 
the shore (also included in the figure are sites used in an experiment, 
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described in Chapter 5). All subsequent analysis was done on the 
differences between these replicate sites. For 'destructive' sampling, 
three stones were chosen at random from within each replicate patch 
type in the middle of each month. Three different stones were chosen 
each month. For 'non-destructive' sampling, three stones were chosen in 
the first month of the sampling programme and labelled. These stones 
were assessed repeatedly, each month. The survey was conducted over 
the course of 13 months, from February 1993 to February 1994. Stones 
were sampled, as nearly as possible, in the middle of each month. 
3.2.2. Epilithon measurements 
a) Destructive Sampling 
The stones were sampled in the following manner. Firstly, a visual 
inspection was made of each stone after it was removed from the water 
and the percentage cover of Cladophora glomerata on the upper surface 
of the stone was estimated. Secondly, all organisms, including algae 
and invertebrates, were removed from two patches on the stones' upper 
surfaces. Each patch was almost half the upper surface, in order to 
sample as much of the stone as possible. A scalpel was used to scrape 
the algal mat plus invertebrates into a plastic funnel, leading to a 30 
cm3 polypropylene bottle. Any algae or invertebrates remaining in the 
scraped patch were removed with a stiff toothbrush and washed into 
the funnel using clean water from a wash-bottle. Great care was taken 
to remove only those organisms within the chosen patch. The plastic 
bottle containing the sample was labelled and immediately placed in a 
cool box, in the dark. The sample was frozen (-20 0 C. ) within 3 h. The 
surface area of both patches on the stone surface was then measured by 
overlaying an acetate sheet and carefully drawing the patches. 
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b) Non-destructive sampling 
At the beginning of the survey, three stones were selected from each 
replicate of habitat patch. Numbered aluminium tags were tied onto 
each stone with fishing line and stones replaced. 
Each month the stones were retrieved and the percentage cover of 
Cladophora assessed. This was done by overlaying an acetate sheet 
over the stone and tracing both the stone outline and the areas of 
Cladophora growth on the stone surface. It was originally intended to 
trace also the positions of invertebrate galleries and micro-algal patches 
present on the stone surfaces. This proved impossible, however, as the 
position of invertebrates and micro-algal patches was often obscured. 
Cladophora patches, however, were easy to discern from the 
surrounding organic matrix. Traces of the stones and the Cladophora 
patches were analysed in the laboratory to ascertain the % cover of 
Cladophora. 
c) Laboratory procedures 
Frozen samples were thawed within one week, poured into a Petri dish 
and examined under a binocular microscope. Invertebrates were 
separated from the algal matrix and placed in 70% alcohol. The algal 
matrix was then filtered onto a Whatman glass fibre GF-C filter 
through a Whatman filter apparatus. These filters were then placed 
back into the polypropylene bottles and deep-frozen. The samples were 
then freeze-dried within a few days and subjected to one of two 
treatments. One patch sample from the stone surface was analysed 
spectrophotometrically for chlorophyll content and the other for ash- 
free dry mass. 
There have been several approaches to the extraction of chlorophyll for 
spectrophotometry. Lorenzen (1967) proposed extraction in 90% 
acetone, and both methanol (Holm-Hansen and Rieman 1978) and 
ethanol (Jesperen and Christofferson 1987) have since been used. 
Hanson (1988a) evaluated the extraction efficiency of the various 
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solvents together with freeze-drying as a way of increasing extraction 
efficiency. He found that the most efficient method was to freeze-dry 
samples and then extract the chlorophyll in 90% acetone. 
Chlorophyll estimation has, in the past, involved estimation of 
phaeophytin, the degradation product of chlorophyll (Moss 1967, Tett 
1975). Recent work has cast doubt on the accuracy of correcting the 
photosynthetic pigments solely for phaeophytin, as this process is likely 
to increase the estimation error of chlorophyll (Buhrer 1991). Therefore, 
chlorophyll estimation was made without correction for phaeophytin in 
this study. 
Chlorophyll from the freeze-dried algae was extracted in 90% acetone in 
the dark, overnight. The acetone was added directly to the freeze-dried 
algae in the polypropylene bottles (which were acetone resistant). The 
different chlorophylls a, b, and cl and c2 were estimated 
spectrophotometrically, using the equations developed by Jeffrey and 
Humphrey (1975). 
Ash-free dry mass was estimated by weighing the freeze-dried filters 
containing the algae before and after ashing at 5000 C for 5h in a 
muffle furnace. Both chlorophyll and dry mass measurements were 
converted to densities by dividing by the area of the sample. The area 
sampled was estimated from the acetate sheets bearing the sample 
outlines. The tracing was cut out and the acetate weighed. This was 
divided by the weight of 1 cm2 of acetate to find the area of the sample. 
Invertebrates were identified to species and instar or life stage, using 
the keys of Edington and Hildrew (1981) and Wiederholm (1983), and 
counted. 
Thus, for the destructively-sampled stones, measurements were taken 
of the density of chlorophyll (ug cm-2), ash-free dry mass (mg cm-2) and 
of invertebrates, as well as visual estimates of the % cover of 
Cladophora. For non-destructively-sampled stones, measurements 
were taken of the % cover of Cladophora only. From these latter 
measurements, it was possible to track the % cover of Cladophora on 
individual stones over time. 
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3.2.3. Physical measurements 
In addition to sampling the epilithon over the year in the four habitat 
patch types, physical variables in these patches were also measured. 
Variables measured were temperature, light and wave disturbance. 
The lake level fluctuated over the year, as the height of groundwater 
rose and fell with the seasons. This meant that the patches identified as 
shallow or deep in February became shallower in the summer and 
deeper in winter. In order to sample from the same patch of stones each 
month, the depth of the stones sampled was corrected by reference to a 
fixed point on the shore. 
Temperature was measured using four maximum/minimum 
thermometers anchored to large stones placed in one of each habitat 
patch. Readings were taken each month. 
Light was measured in two ways. The light incident on the water surface, 
at each shaded and unshaded site, was measured by a technique 
described by MacLellan & Frankland (1985) and the ratio of 
photosynthetically-active radiation to total radiation calculated. This 
quantifies the amount of light absorbed by tree leaves. This method was 
used on four occasions (August, September, October and November). The 
light absorbed by passage through the water column was quantified by 
measuring the instantaneous light levels (photon flux densities) on stones 
surfaces in shallow and deep habitat patches with a Microvolt Integrator 
Type MV2, manufactured by Delta-T Devices Ltd. This method was used 
on two occasions (October and November). 
One of the physical differences between shallow and deep patches may be 
the hydraulic stress on stone surfaces due to turbulence. This was 
estimated by placing Plaster-of-Paris cones, tethered to tiles, on the lake 
bed at the two different depths for approximately two weeks. On the first 
occasion when this experiment was conducted (June 1993), one site only 
was used and six cones were placed at each depth. On three subsequent 
occasions (October, November/December and April), seven sites were 
used along the shore and three cones were placed at each depth at each 
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site. Cones were weighed before and after exposure to wave action and 
percentage loss per 100 h calculated. 
3.3 Data Analysis 
Fig. 3.2 shows a schematic diagram of the sampling design used for the 
destructively sampled stones across the four habitat patch types for the 
survey 1993-1994. A blocked design was used, with each replicate of open 
and shaded area having both shallow and deep areas. The data for 
animal and abundances on the two samples per stones were averaged to 
give a single estimate. These data and the algal data (one measure per 
stone) from the three stones from each replicate of habitat patch type 
were then also averaged. Thus, habitat patch type (Open/Shallow, 
Open/Deep, Shade/Shallow, Shade/Deep), had three replicates each, and 
samples from each replicate were based on the average from the three 
stones. The data for each habitat patch type overall is the mean of the 
three replicates. 
To stabilise variance, all data were transformed using logo (Xl + 1), 
except for Cladophora % cover which was transformed using arcsin (Xl -s). 
To test the overall effect of factor (' Depth' and 'Light' ) on both taxon 
density and measures of algal and biomass abundance, a repeated- 
measures ANOVA was performed on the data. This test estimated the 
average responsiveness for each factor based on the repeated 
measurements each month and determined the likelihood of an effect due 
to each factor and any interaction between the factors and month and 
between factors themselves. 
The repeated-measures ANOVA may mask any differences in the effect of 
Depth and Light in particular months, especially if there was a strong 
interaction between factor and month. Thus, a two-way ANOVA was 
performed, with Depth and Light as main factors, for individual months. 
Dependant variables were the abundance of each taxon and measures of 
algal biomass abundance. 
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3.4 Results 
3.4 i) Temporal and spatial variation in physical parameters 
Light reaching a stone surface can be attenuated by both the tree canopy 
and by the water column. One would expect, therefore, that stones in 
open areas would have greater irradiance than those in shaded areas and 
also that stones in shallow areas would be more irradiated than those in 
deeper areas. If light attenuation due to tree canopy was greater than 
that due to water, the degree of irradiance on stone surfaces in the 
different patch types, should follow the order open/shallow > open/deep > 
shade/shallow > shade/deep. If water turbidity exerted a greater effect on 
light levels than canopy, then the order should be open/shallow > 
shade/shallow > open/deep > shade/deep. 
A bigger fraction of the light at the water surface was photosynthetically 
active in open sites than in shaded sites, for all dates when light was 
measured (Fig 3.3), demonstrating the shading effect of trees. For the two 
dates when light was measured at the stone surface, both shaded sites 
had less light at the stone surface than open sites (Fig. 3.4), and both 
deep sites have less light at the stone surface than the open sites. This 
difference was much reduced in November. The light levels on the stones 
follows the order open/shallow > open/deep > shade/shallow > shade/deep. 
This confirms the hypothesis that light levels reaching the stone are 
affected more by canopy than by the water. 
There were no consistent differences in the maximum or minimum 
temperature at the stones surface in any of the four patches measured 
(Fig. 3.5). 
There were consistent differences in the erosion of Plaster-of-Paris cones 
in shallow and deep areas (Fig. 3.6). A preliminary trial, in June 1993, 
was conducted at a single site on the shore of Crosemere. Using a 1-way 
ANOVA, it was found that there was a significant difference between 
shallow and deep areas at that site (F=24.655, P<0.001). On three 
subsequent occasions (Oct 93, Nov/Dec 93 and April 94), the erosion of 
cones was tested for open and deep areas, for several sites along the 
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stony shore (Fig. 3.6, Table 3.1). Erosion in shallow areas was highly 
significantly greater than that in deeper areas. The date of the 
experiment also exerted a strongly significant effect. The interaction term 
between date and depth is significant, indicating that the effect of depth 
varies with date. 
Table 3.1. Two-Way ANOVA of % weight loss from plaster-of-Paris cones 
per 100 hours with 'Depth' (deep or shallow) and 'Date'(Oct 93, Nov/Dec 
93 and April 94) as main effects. All data log-transformed. 
*** = P<0.001 ** = P<0.01 *= P<0.05 
Factor DF F P 
Depth 1,36 102.188 <0.001*** 
Date 2,36 238.385 <0.001*** 
Depth x Date 2,36 18.300 <0.001*** 
The lake level changed by about 25 cm during the year, compared to a 
fixed point on the shore, with level dropping quite quickly in spring (Fig. 
3.7). 
3.4 ii) Temporal and spatial variation in algal abundance 
a) Chlorophyll a, b and c (cl and c2) 
Fig 3.8 shows the overall average monthly values for chlorophylls a, b 
and c. There was a clear, overall, bi-modal peak of chlorophyll density, 
with the highest values in late winter and early spring and a second, 
smaller, peak in autumn. 
The autumn peak of chlorophyll a appeared to be strongly dependent on 
habitat patch type, with shaded patches having a very small peak, 
especially the samples from shallow water (Fig. 3.9). All patch types had 
minimum values during July and November. There was a significant 
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Fig 3.8. Average overall chlorophyll densities. N=4. Mean ±1S. E. 
Note the different scales for the three chlorophylls. 
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effect of light ( P<0.01) on chlorophyll a values (Table 3.2) but no effect of 
depth. The effect of tree shade on chlorophyll a is seen most consistently 
in summer months (Table 3.3). Depth had a significant effect in April 
1993, January and February 1994 only. 
Chlorophyll b behaved differently from chlorophyll a, reflecting the 
different growth of the Green algae (Chlorophyceae) in which chlorophyll 
b is exclusively found (Fig. 3.10). The spring peak was both much reduced 
compared to that for chlorophyll a and occurred later. The autumn peak 
in open patch types was almost as high as the spring peak. Chlorophyll b 
was much reduced in the shaded patches, again especially in shallow 
water. There were minima in July and November, although increases in 
chlorophlyll b in spring occurred later than chlorophyll a, suggesting that 
the high winter and early spring values for chlorophyll a was due to the 
other major groups of benthic algae, such as diatoms and blue/green 
filamentous algae. 
Diatoms contain chlorophyll c (as chlorophyll cl and c2) and chlorophyll a 
in equal proportions. Chlorophyll c was scarce compared to chlorophyll a, 
suggesting that diatoms are quantitatively insignificant compared to 
Green or Blue/green algae (Fig. 3.11). The spatial and temporal variation 
in chlorophyll c was very similar to that of chlorophyll a except that 
abundance dropped more rapidly in April/May than did that of 
chlorophyll a. 
b) Ash-free dry mass 
Ash-free dry mass (AFDM) measures the total biomass present on the 
stone surface and comprises algae, fungi, bacteria, detritus, meiofauna 
and protistans. The pattern of AFDM through the year was broadly 
similar to that of chlorophyll a, with higher values in spring, dropping in 
summer (Fig. 3.12). The minimum value occured once only, in November. 
There are no data for September, due to samples being destroyed in a 
faulty muffle oven. There were much lower AFDM values in summer in 
the shallow/shaded patches (Fig. 3.13). As for chlorophyll a, there was no 
significant effect for depth, but the effect of light was weakly significant 
(P<0.1) (Table 3.2). The effect of light was greatest in January 1994 
(Table 3.3). 
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Table 3.3: Month-by-month two-way ANOVA of chlorophyll a biomass, ash-free dry mass 
(both log-transformed) and Cladophora abundance (arcsine-transformed) with Depth 
(shallow or deep stones) and Light (shaded and unshaded stones) as main factors. 
***=P<0.001 **= P<0.01 *=P<0.05 t=0.05 > P< 0.1 
Chlorophyll a biomass Ash-Free Dry Mass Cladophora (% Cover) 
Month Factor DF F-Ratio P F-Ratio P F-Ratio P 
February Depth 1.8 0.690 0.430 0.411 0.539 0.591 0.464 
1993 Light 1.8 11.013 0.0110 4.098 0.078t 8.279 0.021' 
Depth x Light 1,8 0.751 0.411 0.404 0.543 0.317 0.589 
March Depth 1.8 0.774 0.405 1.555 0.248 5.958 0.0410 
Light 1,8 0.295 0.602 0.681 0.433 1.523 0.252 
Depth x Light 1.8 13.799 0.006'" 0.630 0.450 0.254 0.628 
April Depth 1.8 12.724 0.007'" 0.999 0.347 2.856 0.129 
Light 1,8 1.507 0.255 0.978 0.352 2.924 0.126 
Depth x Light 1.8 0.083 0.780 0.476 0.510 14.016 0.006" 
May Depth 1,8 0,043 0.842 0.707 0.425 10.977 0.011" 
Light 1.8 6.574 0.033' 1569 0.246 2.719 0.138 
Depth x Light 1,8 0.727 0.419 4.311 0.072 0.446 0.523 
June Depth 1,8 1.592 0.243 0.559 0.476 1.449 0.263 
Light 1,8 1.577 0.245 2.555 0.149 15.447 0.00400 
Depth x light 1,8 0.252 0.629 0.020 0.891 0.614 0.456 
July Depth 1,8 0.657 0.441 0.940 0.361 1.819 0.214 
Light 1.8 6.415 0.035' 5.221 0.052t 19.902 0.002"0 
Depth x Light 1,8 0.507 0.497 0.214 0.652 0.001 0.974 
August Depth 1.8 0.459 0.517 0.621 0.454 0.047 0.835 
Light 1,8 3.931 0.083t 3.863 0.085t 19.729 0.002*0 
Depth x Light 1,8 0.506 0.497 1.818 0.215 1.841 0.974 
September Depth 1.8 1.419 0.268 1.081 0.329 
Light 1.8 18.774 + 0.003 17.719 0.003** 
Depth x Light 1.8 0.007 0.936 0.107 0.752 
October Depth 1,8 0.163 0.697 0.239 0.638 0.319 0588 
Light 1.8 13.638 0.006'" 3.022 0.120 16.085 0.004" 
Depth x Light 1.8 0.720 0.421 0.436 0.527 1.462 0.261 
November Depth 1.8 0.681 0.433 1.589 0.243 0.640 0.447 
Light 1.8 4.213 0.074t 0.990 0.349 20.080 0.002" 
Depth x Light 1,8 0.087 0.775 0.816 0.393 0.188 0.676 
December Depth 1.8 0.693 0.429 0.016 0.903 0.191 0.674 
Light 1,8 2.551 0.149 1.114 0.322 20.599 0.002" 
Depth x Light 1.8 0.000 0.985 1.636 0.237 0.002 0.968 
January Depth 1.8 7.339 0.027' 1.084 0.328 3.652 0.092 
1994 Light 1.8 1.164 0.312 14.123 0.006"0 46.169 <0.001"' 
Depth x Light 1,8 4.275 0.073 2.188 0.177 1370 0.275 
February Depth 1,8 10.042 0.013' 1.172 0.311 1.049 0.336 ' Light 1,8 1.609 0.240 0.606 0.459 11.982 0.009 
1994 Depth x light 1.8 3.776 0.088 2.438 0.157 0.370' 0560 
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Fig. 3.12. Monthly average ash-free dry mass 
for all habitat patch types. N=4. Mean ±1S. E. 
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Monthly values of AFDM reflected those of chlorophyll a, with 
fluctuations in AFDM lagging behind those of chlorophyll a by month or 
two (Fig. 3.14). AFDM tracks Chlorophyll a most closely in the 
shallow/shaded patch types (Fig. 3.15) 
c) Cladophora 
On stones sampled destructively through the year, there was sparse 
Cladophora cover on stones in shaded patches, with least cover in 
shade/shallow (Fig. 3.16). On stones in open patches, Cladophora cover 
reached a maximum in summer, before dying back in early winter. There 
was a highly significant (P<0.001) effect of light on Cladophora 
abundance (Table 3.2), but none for depth. The effect of light is 
consistently significant from June 1993 through to February 1994 (Table 
3.3). 
Tracking Cladophora cover on individual stones, from 'non-destructive' 
samples, yielded patte+ of Cladophora cover broadly comparable to those 
from the 'destructive' s&ples, though it reveals great variation among 
individual stones (Fig. 3.17). Stones in replicate 3 of the shallow/open 
patch type were left high and dry in summer, due to falling water levels 
and developed no Cladophora cover. No Cladophora developed in the 
shaded/shallow patch type, but there was a sparse cover in the 
shaded/deep patch types. 
3.4 iii) Temporal and spatial variation in invertebrate density 
and distribution 
The fauna living on the stone surfaces was dominated by semi-sessile, 
gallery-building insect larvae. The dominant caddis fly larva of the 
epilithic fauna was nnodes waeneri (L. ) (Trichoptera: Psychomyiidae). 
Four species of chironomid (Diptera: Chironomidae) occurred commonly 
on the stone surfaces. The most abundant was Cricotopus sylvestris 
(Fabricius), a member of the sub-family Orthocladiinae. The other species 
were all members of the sub-family Chironominae. They were: 
Glyptotendipes pallens (Meigen), Microtendipes pedellus (de Geer) and 
hý 
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Fig. 3.14. Average overall chlorophyll a density 
and ash-free dry mass. N=4. Mean ±1S. E. 
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Endochironomus albipennis (Meigen). Both Asellus aquaticus (L. ) and 
Gammarus pulex (L. ) were commonly found on the stones. However, 
accurate sampling of these invertebrates on stone surfaces is difficult, 
because they rapidly move off stones when they are disturbed. 
Other less common species occurring on the stone surfaces included: 
Caddis larvae: Ecnomus tenellus (Rambur), 
Athripsodes aterimmus (Stephens) 
Goera pilosa ( Fabricius) 
Chironomid larvae: Psectrocladius sp. 
Metriocnemus sp. 
Cryptochironomus sp. 
Nanocladius sp. 
Orthocladius sp. 
Chironomus sp. 
Cladotanytarsus sp. 
Dicrotendipes sp. 
Tanytarsus sp. 
Unidentified Tanypodinae sp. 
Parachironomus sp. 
Phaenospectra sp. 
Other invertebrates included pea mussels (Pisidium sp. ), oligochaetes, 
leeches, flatworms, snails, water boatmen (Corixidae spp. ), beetle larvae 
and mayfly larvae (chiefly Caenis horaria (L. )). These invertebrates 
comprised less than 1-5% of the total invertebrate fauna. Results 
presented below are for total species densities, for all instars. Data on 
individual instar densities and life-cycles are presented in following 
chapters. Fig 3.18 shows the total densities of the major species of insect 
larvae on stones in each habitat patch type over the course of the survey, 
as well as amount of chlorophyll a and the abundance of Cladophora. 
There was strong variation, for each species, in the seasonal densities in 
each habitat patch type. 
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Fig. 3.18 Monthly total densities for Tinodes and common 
chironomid species for all habitat patch types. Mean ±1S. E. 
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Results were tested by both a repeated-measures ANOVA on log- 
transformed densities (Table 3.4) to establish overall differences between 
patch types and by a month-by-month 2-way ANOVA to test differences 
between patch types each month (Table 3.5). 
Modes waeneri (henceforth Tinodes ) showed an overall weakly 
significant difference in density between open and shaded patch types 
and between shallow and shaded patch types (P<0.1) (Fig. 3.19, Table 
3.4). There were two seasonal patterns across the different patch types. 
In summer, there was a significantly greater density on stones in shaded 
patches than on those in open patches (Fig. 3.19, Table 3.5) Over the 
winter months, there were significantly greater densities on stones in 
deep patches compared to those in shallow patches (Table 3.5). 
The density of Cricotopus sylvestris (henceforth Cricotopus) was 
significantly greater overall in the shallow, compared to the deep patch 
types (Fig. 3.19, Table 3.4). The spring peak in density was particularly 
marked on stones in the shallow/shade patches and was followed by a 
strong reduction in density in July, compared to a rise in density in July 
in the other patch types. These seasonal differences among patch types 
are reflected in the highly significant differences in density between 
months and in the strong interactions between month and depth and 
month and light in the repeated measures ANOVA (Table 3.4). Month-by- 
month ANOVAs revealed highly significant differences between both 
shallow and deep patch types in May and open and shaded patch types in 
July (Table 3.5). 
There were no significant differences in Microtendipes density between 
patch types through the year, overall (Table 3.4). There were strong 
seasonal differences across the patch types, however (Fig. 3.19, Table 
3.5). The strong peak in density in spring was virtually confined to the 
shaded patch types whereas densities following these peaks were 
significantly greater in the open patch types. Densities on stone surfaces 
fell to very low levels in winter. 
The density of Glyptotendipes was greater overall in the deep patch types 
(Fig. 3.19, Table 3.4). Densities were higher in the deep patch types in 
autumn months, with very low densities in the shaded/shallow patch 
types (Table 3.5). 
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Endochironomus was very rare on stone surfaces over winter (Fig. 3.19). 
The overall density through the year was significantly greater in deep 
patch types (Table 3.4). There was a greater density in deep patch types 
during summer and autumn and a significantly greater density in the 
open patch types in July, August and September (Fig. 3.19, Table 3.5). 
There were two types of seasonal abundance patterns in these epilithic 
species (Fig. 3.18). Cricotopus and Microtendipes both had noticeable 
spring peaks, with smaller autumn peaks and a summer minimum. 
Endochironomus and Glyptotendipes had only a single late 
summer/autumn peak in density. Tinodes density was more even over 
the course of the year, with highest density in late summer/autumn. 
Cricotopus dominated the epilithic community numerically. 
Biomass may be a more objective measure of abundance than density, 
given the great variation in body size between the epilithic insect larvae 
of the littoral and between different instars. It was possible to calculate 
individual body mass of each instar for each species, from head width and 
length measurements, using the equations of Smock (1980) (Table 3.6). 
The total biomass of each species was then calculated on the stones for 
each month of the survey (Fig. 3.20). Similar tests of differences between 
patch types were conducted on biomass as for total density (Tables 3.4 
and 3.5). A two-way repeated-measures ANOVA was conducted for 
biomass to test differences for the year overall (Table 3.7) and a month- 
by-month ANOVA was conducted to test differences for individual 
months (Table 3.8). 
If all patches had the same relative proportion of different instars then 
there should be no difference in the two measures of abundance. If the 
proportions of instars differed between patch types, then this should be 
reflected in differences between biomass and density. This latter pattern 
is seen for Tinodes, Cricotopus, and Microtendipes (Figs. 3.19 and 3.20), 
whereas both density and abundance are similar, with respect patch 
type, for Glyptotendipes and Endochironomus. 
Whereas the total density of Tinodes was weakly significantly higher 
overall in shaded and deep patch types (Fig. 3.19, Table 3.4), biomass was 
strongly significantly greater in deep patch types, especially in winter 
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(Fig. 3.20, Table 3.7). There was no significant difference between open 
and shaded patch types. 
For Cricotopus, density was significantly higher overall in shallow patch 
types (Table 3.4); biomass, however, was significantly higher overall in 
the open patch types (Table 3.7) and only weakly significantly higher in 
shallow patch types (significant only for April, May and June, Table 3.8). 
The peak in density of Microtendipes seen in spring in the shaded patch 
types (Fig. 3.19) was not reflected in biomass (Fig. 3.20) showing that 
although numerous in spring, larvae were small and therefore 
contributed little to biomass. Both Glyptotendipes and Endochironomus 
density and biomass was significantly greater overall in deep patch types 
(Figs. 3.19 and 3.20, Table 3.4 and 3.7). Endochironomus biomass was 
significantly higher in open patch types, whereas there was no difference 
in density (Tables 3.4 and 3.7). 
Calculations of insect abundance in terms of biomass indicated that the 
caddis larva Tinodes dominated the total overall, for retreat-dwelling 
invertebrates (Fig. 3.21). The numerically dominant Cricotopus was less 
abundant in terms of biomass due to its small body size. The biomass of 
Microtendipes was very low overall, reflecting the small size of larvae 
when they were numerous in spring. Resolving these data into the four 
habitat patch types (Fig. 3.22) indicates that the greatest peaks in 
biomass occured in deep patch types in late summer or early autumn. 
The patch type with the lowest overall biomass was the shaded/shallow, 
which was dominated by Tinodes to a greater extent than the others. 
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Fig. 3.21. Monthly average dry mass for each species, 
for all habitat patch types. Mean ±1S. E. 
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3.5 Discussion 
3.5.1 Local-scale patchiness 
Differences between patch types - the effects of depth and riparian trees. 
There were clear physical differences between the four habitat patch 
types. The light incident on the stones surface was reduced by both 
shading from bankside trees and by attenuation through the water 
column. The effect of trees appeared to be greater, given the slight 
depth differences between 'deep' and 'shallow'. Maximum and minimum 
temperature differed little between the patch types, though on warm, 
still days, there may be some effect. The results of the experiments with 
Plaster-of-Paris cones suggest that stones in shallow water were 
exposed to greater hydraulic forces than those in deep water, even at 
this small depth difference. Organisms would thus be subjected to two 
major physical variables that differ across the four patch types: greater 
wave action and somewhat more light on stones in shallow water and 
more light in open than in shaded patch types. How did these two 
physical variables, that differed both seasonally and across the habitat 
patch types, affect biological communities on the stone surfaces? 
There were significant differences in algal abundance across the four 
patch types, with riparian trees being associated with low chlorophyll 
biomass, ash-free dry mass and Cladophora abundance. Depth (less 
than approximately 60 cm) appeared to have no overall influence on 
algal abundance. 
There were significant overall differences in invertebrate abundance 
(density and biomass) across the four patch types. In terms of density, 
two species were significantly more abundant on stones in deeper water 
- Glyptotendipes and Microtendipes. Cricotopus was significantly more 
abundant on stones in shallow water. There were no strongly 
significant overall differences in invertebrate density between open and 
shaded stones. In terms of biomass, three species were more abundant 
in deeper patch types - ? modes, Glyptotendipes and Microtendipes and 
two species - Cricotopus and Endochironomus were more abundant in 
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open patch types. Depth appeared to be a significant factor mainly in 
winter and tree shade mainly in summer. 
Several studies have demonstrated that light accounts for much of the 
heterogeneity in algal abundance and distribution on stones in streams 
(Hill & Knight 1988, Steinman et al. 1989, DeNicola & McIntyre 1990, 
Hill & Harvey 1990). Light, both spatially via attenuation through the 
water column and seasonally through increasing daylight, can also 
influence the growth of littoral benthic algae (Auer et al. 1983, Turner 
et al. 1983). Cladophora glomerata is reported to thrive in well-lit 
environments and low light may reduce its growth rate (Whitton 1970). 
Blum (1982) reported that Cladophora was limited during mid-summer 
in the Saline River, Michigan, USA, by a reduction in light intensity 
caused by growth of overhanging vegetation. 
However, the relationship between light and benthic algae may not be 
simply one of enhancement. The highest algal biomass on stones, for 
example, occurred in early spring when light levels were a fraction of 
those in mid-summer. Excess light can inhibit algal growth, and such 
photoinhibition may well occur in the shallow littoral of lakes (Wetzel 
1983). Algae such as diatoms can also adjust their light-saturated 
photosynthetic rate, as light decreases, and chlorophyll concentrations 
within the cells may be the same at low light as at high light (Wetzel 
1983). The response of epilithic algae in the lake littoral to differences 
in light, therefore, is not straightforward and may not simply result in 
greater chlorophyll densities in areas, or seasons, with higher light 
levels. The seasonal changes in light are also inextricably linked to 
changes in temperature (Wetzel 1983). In addition, grazing by 
invertebrates on algae can sometimes interact with light to determine 
algal abundance. For example, irradiance strongly affected benthic 
algal production and biomass accumulation in streams, but these 
patterns were modified by snails (Jugs sp. ) (Lamberti et al. 1989). At 
low light grazing had a negative effect on algal biomass, whereas at 
high light snails inhibited the rate of biomass accumulation but not the 
final biomass attained. Crawling invertebrate grazers (cased caddisflies 
and snails) can also maintain low periphyton standing crop across a 
range of canopy levels within streams (Feminella et al. 1989). Grazing 
can also reduce differences in algal abundance between open and 
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shaded reaches of streams, if greater algal growth due to higher light is 
balanced by greater grazing (Reed et al. 1994). 
The differences in algal abundance between open and shaded patch 
types appear to be limited to summer and autumn months only, 
especially for ash-free dry mass, with little consistent effect seen from 
December through to June. This appears to be mainly due to the very 
large differences in Cladophora abundance between open and shaded 
patch types. Riparian tree shade, therefore, appears largely to exert an 
effect on summer Cladophora abundance and to be less important in 
influencing algal abundance at other time of the year. This may, in 
part, be due to the fact that shade is greater in summer and autumn, 
when trees are in leaf (but see below). 
Light can influence freshwater invertebrates, via the effect of higher 
primary production (Hawkins et al. 1982, Behmer & Hawkins 1986, 
Dudgeon & Chan 1992) or by phototactic responses of invertebrates 
(Behmer & Hawkins 1986). Planktonic first instars of chironomids, for 
example, have been reported to swim towards the light (Armitage et al. 
1995). Riparian trees can also exert a strong influence on invertebrate 
abundance, via their effect on adult behaviour (Macan 1961), rather 
than through any direct or indirect effect of light on larvae. There were 
strong differences between the two measures of abundance (density and 
biomass) in the seasonal distribution of Tinodes, Cricotopus and 
Microtendipes across the four patch types. This suggested that there 
were different proportions of the various instars across the patch types. 
This may have occurred either as a result of differential mortality of the 
larval instars in different patch types, or more likely, by adults laying 
their eggs in one habitat, such that there was greater initial 
recruitment of early instars in certain patch types. High densities of 
? `indes, Microtendipes and Cricotopus in the shaded, shallow patch 
types were not matched by high biomass, suggesting first instars of 
these species recruit in this patch type. This aspect of the ecology of the 
epilithic invertebrates is discussed further in Chapter 4. 
Epilithic communities in the littoral can be influenced either positively 
or negatively by wave action. Wave disturbance may enhance the 
growth of epilithic algae by enhancing the diffusion of gases or 
nutrients, or by removing silt or harmful metabolic waste products 
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(Whifford & Schumacher 1961, Peterson et al. 1990). Cladophora 
growth is reported to be enhanced in turbulent waters, compared to still 
waters, for these reasons (Whitton 1970). Established algal 'turfs' can 
also be broken up and part of the turf dislodged, with wave action thus 
acting as a source of patchy disturbance (Peterson et al. 1990). The 
wave-washed littoral in Crosemere, therefore, may favour Cladophora 
and other epilithic algae, but there appears to be little difference 
between the shallow and deep patch types investigated in this study. 
Wave turbulence can also reduce or enhance invertebrate abundance in 
lake littorals. Tinodes waeneri larvae were reported to be more 
abundant in well-oxygenated, wave-exposed areas of littoral, compared 
to wave-sheltered areas in Lake Esrom, Denmark (Dall et al. 1984, 
Hamburger & Dall 1990). In calm water Tinodes larvae undulated 
within their galleries in order to aerate their bodies adequately, while 
turbulent conditions allowed larvae to spend relatively more time 
feeding (Hasselrot 1993). Wave action in a littoral, especially in 
summer, is therefore beneficial to these larvae, through the effects of 
oxygenation of water in and around galleries. This could also be true of 
other retreat-dwelling chironomid larvae. At the depths investigated in 
this present study on the littoral of Crosemere it is, however, unlikely 
that oxygen was significantly different between the two depths, 
although no measurements were taken. 
In winter, the generally more severe wave action may have a 
deleterious effect on larvae through the effects of scour and disturbance. 
Jones (1967) reported that one of the major causes of Tinodes mortality 
in a lake littoral was the action of wave scour on overwintering 
individuals. Waves may also indirectly affect invertebrates and algae 
adversely via the effect of branches or other floating objects washing up 
against the stones in the littoral. In Lake Ontario, one of the North 
American Great Lakes, the abundance and diversity of littoral 
invertebrates at various depths declined with increasing wave 
exposure, though a few species were able to maintain large populations 
in high wave-exposure areas, because there was little competition or 
predation (Barton & Carter 1982). Invertebrate abundance in the 
shallow littoral of Lake Erie was found to decline markedly in winter, 
as a result of wave and ice scour (Barton & Hynes 1978). Invertebrates 
were hypothesised to move into deeper water in autumn to escape such 
103 
deleterious effects and to return in spring during calmer weather 
(Barton & Hynes 1978). In this respect, it is noticeable that Tinodes 
larvae were found in significantly greater abundance on deeper stones 
in winter. This could be due to Tinodes larvae actively migrating to 
deeper stones in autumn. This aspect of their ecology is discussed in the 
following chapter. The distribution of the chironomids in this study, 
with respect to depth, differs between species. This may be due to 
different responses of individual species to a variety of environmental 
factors, such as depth, light and oxygen. 
Differences between patch types - biotic effects 
In addition to littoral communities being affected by physical variation 
between the four patch types, there may also be biotic factors that 
influence patchiness. 
a) Algae 
The abundance of Cladophora was lower in shaded patch types in 
summer, which, as discussed above, may have been due to the lower 
light supply. There was, however, a greater abundance of Cladophora 
on stones in shaded, deep patch types, than stones in shaded, shallow 
patch types, despite the latter being better lit, suggesting that light was 
not the only factor. It is also unlikely to be due to the effect of depth per 
se, as there was little difference in Cladophora abundance between 
shallow and deep patch types in the open. Grazing pressure from 
epilithic invertebrates could be a factor influencing the abundance of 
Cladophora and other algae. 
Grazing, particularly by herbivorous caddis larvae, can increase the 
amount of chlorophyll in algal biofiims relative to total biomass, by 
removing senescent, less productive algae and leaving healthy, more 
vigorous cells (Hunter 1980, Jacoby 1987, Martin et al. 1991). Fig. 3.23 
shows the ratio of chlorophyll a to AFDM in the four patch types. The 
ratio was highest during summer months in the shaded, shallow patch 
types, consistent with the view that algae in this patch type are subject 
to the greatest grazing pressure. The relationship between chlorophyll a 
and biomass over the year (Fig. 3.15) also showed that ash-free dry 
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mass tracked chlorophyll a more closely over the year on stones from 
shallow, shaded patch types, compared to other stones. This suggests 
that the algal biofiim in this patch type was composed largely of 
actively-photosynthesising cells and that there was little accumulation 
of senescent algae in summer (that would tend to have a high biomass 
but low chlorophyll content). As Tinodes was by far the most abundant 
sedentary species on these stones, any grazing effect could be due to 
these caddis larvae. The greater Cladophora abundance on stones from 
shaded, deep patch types may also result from a lower grazing pressure, 
compared to shaded shallow patch types. It is possible, therefore, that 
Cladophora is being controlled by Tnodes larvae. The reasons for a 
possible greater grazing pressure by T indes in these shaded, shallow 
patch types in summer is discussed in following chapters. 
b) Invertebrates 
In addition to the direct influence of light/shade or depth, the 
abundance of epilithic invertebrates across the four patch types may 
have been influenced by biotic interactions. The abundance of 
chironomids appeared to be related to that of Cladophora on stones in 
the summer. Most species were more abundant in the open patch types, 
which had a higher abundance of Cladophora, whereas they were rare 
on shaded, shallow stones, which also had a very low abundance of 
Cladophora. These latter stones were dominated by Tinodes larvae, 
suggesting that there may be both direct interactions between 
Cladophora and chironomids and direct or indirect interactions 
between modes, Cladophora and chironomids. These interactions are 
investigated further in following chapters. 
Differences within patch types (non-destructive' stones) 
The abundance of Cladophora on individual stones, repeatedly sampled 
over the year, clearly showed that stones within one habitat patch type 
may develop very different abundances of Cladophora. This was partly 
due to desiccation, which may have prevented Cladophora from growing 
on stones in the shallow water. If the stone is left high and dry at a time 
when Cladophora is colonizing, then even if the stone is covered by 
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water later in the season, Cladophora may still not develop. However, 
neighbouring stones that were all continually immersed also developed 
different abundances of Cladophora. This was unlikely to be due to 
differences in light or wave action and may possibly be due to either 
differences in the stones' physical surface or chemical composition. 
There may also have been differences in grazing pressure across stones 
of different morphology, or surface texture. Cladophora has been found 
in greater abundance on rough substrata in streams, compared to 
smooth ones and this was attributed to rougher surfaces providing 
refugia from grazing and hydraulic disturbance, particularly in spring 
(Dudley & D'Antonio 1991). This will be discussed in following chapters. 
3.5.2 Lake-wide temporal patchiness 
The algal seasonal dynamics were similar for all patch types. There was 
a clear late winter/early spring maximum and summer minimum, 
followed by a small autumn recovery and then an early winter 
minimum. Thus is strikingly similar to the seasonal pattern seen for 
lake phytoplankton as a whole (Hutchinson 1967). Overall, in the 
plankton, there are three obvious features of the seasonal cycle: a large 
spring diatom bloom, small, irregular peaks of various flagellates and a 
larger autumnal bloom of diatoms, blue-green algae and dinoflagellates 
(Horne & Goldman 1994). This typical seasonal cycle is due to the 
interaction of many factors, physical, biological and chemical. The 
spring bloom is caused largely by physical effects - the increase of 
sunlight and temperature. In deep lakes, the onset of thermal 
stratification separates the water column into a lower hypolimnion and 
an upper epilimnion. Algae in the stratified epilimnion are initially 
suspended in nutrient-rich, well-lit waters and rapidly multiply. Since 
the epilimnion is effectively isolated from the hypolimnion, there is only 
a very limited exchange of nutrients between the two. The epilimnion 
will thus have a fixed supply of nutrients, such as nitrogen, 
phosphorous and silica, which will become limiting as the spring algal 
bloom multiplies. In addition, the sinking of dead and senescent algae 
and zooplankton will remove nutrients from the epilimnion. The algal 
bloom in the upper layers will then decline to a summer minimum, due 
to this lack of nutrients. Grazing by herbivorous zooplankton may 
further reduce the spring bloom, as increasing temperatures allow the 
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zooplankton to multiply rapidly. The small summer bloom of 
blue/greens and small flagellates are able to resist grazing and are also 
adapted to grow in low nutrient conditions. Photoinhibition of algal 
production may take place in these upper well-lit layers during very 
sunny days. 
Very motile algae, such as some species of dinoflagellates, may, 
however, be able to move up and down between the epilimnion and 
hypolimnion and access the nutrients 'locked up' in the hypolimnion 
(Reynolds 1976a), so avoiding nutrient limitation in the epilimnion. 
Destratification of the lake in late summer, due to cooling and wind 
mixing, will cause the lower, nutrient-rich hypolimnion to mix with the 
nutrient-poor epilimnion. This allows a second peak of algal production 
as temperature and light are still sufficient to allow rapid algal growth. 
Zooplankton grazing may be more significant in the late summer, 
compared to spring, as higher temperature allows them to multiply 
more rapidly. In consequence, the algae tend to be larger, more grazer- 
resistant than those in spring (Horne & Goldman 1994). Declining 
temperature and light will then cause the end of this bloom and bring 
about a winter minimum. 
Other seasonal patterns of algal abundance are known to exist, 
however, notably ones where there is only a simple mid-summer peak 
in algal abundance, followed by a winter minimum, and this may be 
more typical of large, deep, cold, unproductive lakes (Hutchinson 1967). 
Seasonal summer minima may thus be due to a combination of nutrient 
limitation, grazing and possibly light inhibition. In Crosemere, the 
relationship between phytoplankton, nutrients and grazing has been 
investigated by Reynolds (1973a, 1973b, 1976a, 1976b) and Moss et al. 
(1994). Reynolds found that Crosemere stratified each year from late 
May onwards. Stratification broke down in late September (Reynolds 
1976a). During the stratified period, nitrates were frequently limiting 
in the epilimnion, with concentrations at times becoming undetectable. 
The nitrate minimum coincided with the disappearance of green algae 
and when growth of blue-green algae also slowed greatly. Ceratium (a 
dinoflagellate), however, reached peak abundance during this time, due 
to its ability to migrate to deeper waters in the metalimnion to access 
available nitrates, although the growth of Ceratium was ultimately also 
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limited by nitrates. Fig. 3.24 shows the seasonal succession of the 
phytoplankton in Crosemere (from Reynolds 1976b). The overall 
seasonal abundance of algae (as chlorophyll a) shows a double peak: the 
first in early spring is derived from the growth of diatoms and 
cryptomonads and the second is attributable to Ceratium, together with 
variable proportions of larger diatoms and the blue-green Microcystis 
(Reynolds 1973a). 
More recent work on Crosemere (Moss et al. 1992, Moss et al. 1994) 
measured the total phosphorous, nitrate and ammonium concentrations 
and chlorophyll concentrations in the water column from 1991-1992 
(Fig. 3.25). There was a large spring peak in chlorophyll, coinciding 
with a high peak in nitrate concentration, followed by a summer 
minimum, coinciding with low concentrations of nitrates. There was a 
smaller early winter peak in chlorophyll concentration following the 
summer minimum. Moss et al. (1994) classified a group of the meres 
into lakes that thermally stratified and ones that were completely 
mixed in their deepest layers. Measurements were taken of the various 
nutrients and the chlorophyll concentrations in each mere. In 
stratifying lakes, including Crosemere, no relationship between 
chlorophyll and either herbivorous zooplankton density or phosphorous 
was found, but there was a good correlation between nitrogen 
availability and chlorophyll concentration. In unstratified lakes, 
chlorophyll concentration depended on the density of herbivorous 
zooplankton. In a study of1O lakes in Quebec, Cattaneo (1987) found a 
similar lack of close relationship between phosphorous and periphyton. 
Does this pattern relate to littoral algae? The seasonal pattern of 
epilithic algae density (in terms of chlorophyll a) strongly resembles 
that of the phytoplankton. The littoral zone of Crosemere is bathed by 
epilimnetic water, as it is in the very upper layers of the lake. No 
nutrient measurements were taken from the littoral in this study. 
However, Moss et al. (1992) took their water samples from from the 
littoral zone near to the present study site at approx. 0.5 - 1m depth. 
This suggests that nutrients in the littoral zone of the lake are not 
dissimilar to the epilimnion as a whole. Phosphorous in the water 
column was also found to be highly correlated to that found in the 
littoral zone, in studies of lakes in Quebec (Cattaneo 1987). Nutrient re- 
cycling from organic-rich sediments can add to the source of nutrients 
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available to benthic algae (e. g. Hansson 1988b), particularly with 
regard to phosphorous. Decaying reed-beds, macrophytes, attached 
algae and phytoplankton can be important recyclers of phosphorous 
(Horne & Goldman 1994). This element is not considered to be limiting 
in Crosemere, however (Moss et al. 1994), and the effect is more 
important in nutrient-poor lakes. 
The spring peak in epilithic algal abundance is possibly due to 
increasing light and temperature, in the presence of abundant nitrogen. 
The summer minimum may be due to either nitrogen limitation or 
grazing, or a combination of both. Grazing, potentially, may be more 
important in the regulation of epilithic algae than in the regulation of 
widely diffuse phytoplankton (Home & Goldman1994), because of its 
greater accessibility and local abundance. Cladophora, although 
covering the stones in summer in a dense mat of filaments, appeared to 
contribute relatively little to the overall algal chlorophyll or dry mass. 
Even if Cladophora was strongly influenced by grazing during summer, 
this would therefore only weakly influence the seasonal abundance of 
algae. 
Studies on the seasonal cycles of benthic algae are rare, partly due to 
the methodological problems of collecting the algae. In a study of saline 
and freshwater lakes in Washington, USA, Castenholz (1962) reported 
very similar patterns of attached algal abundance as seen in 
Crosemere, with a noticeable spring peak, followed by summer 
minimum, small autumn recoveries, and a winter minimum. The lowest 
algal production for the year was seen in late summer. Castenholz 
offered no explanation for these cycles, however. 
Seasonal abundances of lake periphyton can differ according to the total 
nutrient status of the lake (Cattaneo 1987). Eutrophic lakes typically 
showed peaks of periphyton abundance in mid-summer. In mesotrophic 
and oligotrophic lakes, peaks of abundance occurred earlier in the year, 
with low values in mid-summer. These results suggest that nutrient 
limitation is an important factor regulating periphyton abundance in 
these lakes. 
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3.5.3 Competing hypotheses 
The results of this survey lead into two competing hypotheses about the 
control of littoral algae. The overall seasonal abundance of benthic 
algae (in terms of chlorophyll or ash-free dry mass) in the littoral may 
either be controlled by grazing - either by epilithic retreat-dwelling 
species or by mobile species, such as snails or caddis larvae - or by the 
availability of nutrients, such as nitrogen or phosphorous. 
Fig. 3.26 shows the average monthly abundance of invertebrate biomass 
and chlorophyll a on all stones. The decline in chlorophyll a on stones in 
spring and early summer is accompanied by only a slight increase in 
invertebrate abundance, although grazing could increase due to a rise 
in temperature. The overall lake-wide seasonal pattern of algal 
abundance, therefore, seems more likely to be governed chiefly by 
physical or chemical factors, such as light, temperature and nutrients, 
rather than by grazing. In contrast, at the local scale, there is marked 
spatial patchiness in algal abundance, and this is perhaps attributable 
to grazing of the macro-alga Cladophora by Tinodes larvae during the 
summer. Grazing thus appears to be an important factor influencing 
local scale algal patchiness, but less important in the overall seasonal 
lake-wide pattern. 
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3.6 Conclusions 
1. The survey of natural stones 1993/94 has shown strong seasonal and 
spatial patchiness in the epilithic community in the littoral of 
Crosemere. Local, spatial patchiness was specifically examined by 
sampling stones across two variable, shade from overhanging riparian 
trees and depth. There were strong differences in algal and invertebrate 
abundance across these variables, which was due to both physical and 
biological processes. 
2. Algal abundance was greater overall in open 'patch types'. This was 
mainly due to a much higher abundance of Cladophora in the open, 
during summer months. Light appeared to be only partly responsible 
for this difference and there was little difference in algal abundance 
between shaded and open patch types in the first half of the year. Three 
of the four chironomid species were also more abundant in the open 
during summer. 
3. Depth, in this study, exerted little effect on algal abundance but a 
strong effect on invertebrates, mainly in winter. This was particularly 
marked for the abundance of Tinodes waeneri larvae, which possibly 
migrate to deeper areas in autumn, in order to avoid excessive wave 
scour in winter. 
4. Biotic interactions were centred on the activity n nodes waeneri 
larvae. This caddis larvae dominated the shallow, shaded patch types, 
which had a very low abundance of both Cladophora filaments and 
chironomids. It is possible that Tinodes was controlling Cladophora in 
these patch types and that this caused an indirect reduction in the 
abundance of chironomids, many of which appeared to be positively 
associated with Cladophora. Tinodes may also have directly influenced 
the abundance of chironomids, in the shaded, shallow patch types. 
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5. Further patchiness in the epilithic community was evident at even 
smaller scales within patch types. There were strong differences in the 
abundance of Cladophora on individual stones sampled repeatedly over 
the year, within the same replicate of patch type - i. e. differing between 
neighbouring stones. This was possibly due to small scale differences 
across individual stones in either physical or biological processes. 
6. There was also strong seasonal patchiness in algal and invertebrate 
abundance. Differences in invertebrate abundance over the year was 
due to seasonal recruitment, growth, development and mortality. 
Seasonal total algal abundance, across all patch types showed a high 
late winter peak, followed by a steep decline to a July minimum. There 
was a small autumn recovery and an early winter minimum. The low 
summer algal abundance did not appear to be caused by invertebrate 
grazing but, more probably, was due to low nutrient concentrations in 
the water. This was itself due to summer stratification of the lake, 
resulting in a nutrient-poor epilimnion, in which the littoral lay. The 
seasonal abundance of Cladophora showed an opposite pattern, with 
low winter and high summer values, demonstrating that Cladophora 
contributed little in terms of overall chlorophyll or ash-free dry mass. 
7. Seasonal variation (temporal 'patchiness') of the epilithic community 
thus appeared to be driven by phys(o-chemical, lake-wide processes. C 
Local-scale spatial patchiness, both between and within patch types, 
appeared to be influenced by both physical and biotic processes, 
especially the control of Cladophora by Tinodes larvae in summer. 
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Chapter 4 
Seasonal and spatial distribution of larval instars of epilithic 
species among the four habitat patch types 
4.1 Introduction 
The previous chapter described the overall abundance of invertebrates 
and algae, each month, across the four habitat patch types, showing 
the overall spatial and temporal patchiness of the different species. 
The differences in some species, among the four patch types, between 
abundance measured as density or biomass indicated that the 
proportions of the different instars were not consistent in each patch 
type. This chapter describes the spatial and seasonal distribution of 
the different instars of each epilithic species across the four habitat 
patch types and identifies factors potentially responsible for this 
distribution. 
1) Adult oviposition 
The distribution of larvae of aquatic insects depends on both physical 
and biological conditions experienced by the larvae themselves and on 
the location of adult oviposition sites. In streams, rapid dispersal by 
drift will disperse larvae across a wide area of the stream bed, such 
that any initial larval distribution due to adult oviposition patterns 
will tend rapidly to be obscured (Otto 1972, Bird & Hynes 1981, Cellot 
et al. 1984). In lakes, rapid dispersal of eggs and early larvae can also 
be brought about by wind action or internal currents (Bray 1971, 
Morgan 1956, McLachlan 1970, Davies 1976) although it would be 
expected that adult oviposition might play a more important role in the 
distribution of larvae in shallow water along lake shores, than it does 
in streams and rivers. 
Adults of aquatic invertebrates commonly oviposit in the water body in 
which they lived as larvae. Invertebrates that live in very small or 
temporary water bodies, however, may have to locate new habitats in 
which to oviposit, that may be far away (McLachlan 1983). Such 
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species are usually strong fliers. The flying adults of insects whose 
larvae inhabit large permanent water bodies have one of four general 
oviposition behaviours: 
i) they may broadcast eggs at the water's surface in a non- 
discriminatory manner, such that the eggs disperse to the bottom 
more-or-less randomly (e. g. Morgan 1956, Hanna 1961) 
ii) they may submerge and swim under water in order to find 
particular oviposition sites (Hanna 1961, Elliot 1969, Deutsch 1984) 
iii) they may oviposit indiscriminately at the water's edge, usually on 
riparian vegetation, macrophytes or on emergent stones (Hanna 1961, 
Cummins 1964, Bray 1971, Waringer 1989, Nolte 1993, Armitage et al. 
1995) 
iv) adults may select oviposition sites, either at the water's edge or 
over the water body, such that the eggs are laid in a particular habitat 
or on a specific resource (Macan 1961, Bray 1971, Suren 1991, Orr & 
Resh 1992). 
Adults may thus oviposit in particular habitats, so strongly influencing 
the initial distribution of larvae, or oviposit indiscriminately, such that 
larvae are not spatially aggregated within one habitat or locality. 
Adult behaviour, on emerging from pupal cases, may involve a series of 
stages leading to oviposition, including resting and maturation, 
feeding, migration and/or dispersal, swarming, mating and oviposition. 
If the terrestrial habitat near a water body is not suitable for the 
adults, then the species may well be rare or absent, despite the aquatic 
habitat itself being suitable for the larvae (Macan 1961). Riparian 
vegetation may be of great importance to the adults of many species, 
and the distribution of aquatic larvae may be strongly influenced by 
the distribution of suitable swarming or oviposition sites nearby 
(Statzner 1977). Riparian vegetation can be used by aquatic 
invertebrates for a variety of purposes, including as resting/maturation 
sites (Morgan 1956, Jones 1967, Svensson 1972, Tozer et at. 1980, 
Erman 1981, Solem 1984, Jackson & Resh 1991, Hasselrot 1993, 
Armitage et al. 1995, Tokeshi & Reinhardt 1996), swarming sites 
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(Downes 1969, Statzner 1977, Le Sage & Harrison 1980, Tozer et al. 
1980, Solem 1984, Tokeshi & Reinhardt 1996), feeding sites (Jones 
1967, Hasselrot 1993, Armitage et al. 1995) and oviposition sites (Bray 
1971, Statzner 1977, Tozer et al. 1980, Mangan 1991, Suren 1991, Orr 
& Resh 1992). 
2) Larval habitat 
On hatching from the egg, aquatic larvae may migrate or disperse to 
new habitats. This colonization may be essentially random (Sheldon 
1984), or be by more active selection of favoured microhabitats by 
larvae. The aquatic larvae of most, if not all, species have narrower 
microhabitat preferences than those potentially available in the whole 
lake or river (Rabeni & Minshall 1977, Williams & Williams 1993). The 
selection of these habitats may be influenced by a variety of factors, 
including food resources, competition, predation, substratum texture, 
hydraulic characteristics, temperature and light. The microdistribution 
and foraging of aquatic invertebrates has been found to be related to 
the distribution of resources (particularly of algal food), by many 
authors (Hart & Resh 1980, Hart 1981, Lamberti & Resh 1983, Kohler 
1984, Vaughn'1986, Feminella & Resh 1991, Becker 1994). Larval 
dispersal from sites has also been found to be dependent on 
competitive interactions, particularly those involving sessile, or semi- 
sessile groups, such as larvae of Simuliidae (Wiley & Kohler 1981) and 
Trichoptera (McAuliffe 1984a, Hart 1985). 
Substratum texture can have a large effect on the distribution of lotic 
invertebrates, such that individuals associate with rougher substrata, 
or those with more surface 'refugia' on them (Flecker & Allan 1984, 
Gawne & Lake 1995). Both hydraulic disturbance and predation may 
influence the distribution of lotic invertebrates (Lancaster et al. 1991). 
The distribution of lotic invertebrates may also be strongly influenced 
by the distribution of filamentous macro-algae, which acts as a 
favoured microhabitat for many species (Le Sage & Harrison 1980, 
Dudley et al. 1986). The distribution of caddis and chironomid larvae 
may change as the larvae develop. The previous chapter showed that 
larvae exhibited strong dynamic patchiness across the four habitat 
patch types, defined by water depth and the proximity to riparian 
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trees, with both biomass and density of epilithic invertebrates 
changing with respect to the patch types over the year. These changes 
in distribution may reflect changes in the physical conditions 
experienced by larvae, such as temperature or hydraulic stress, the 
changing nature of the substratum, or to the changing requirements of 
larvae as they grow. For both caddis and chironomid larvae, early 
instars may be subject to very different selective pressures compared to 
those operating on later instars. 
Larvae of caddis flies have been found to migrate to different habitats 
during larval development, either to escape hydraulic stress (Morgan 
1956, Cummins 1964, Tozer et at. 1980, Cellot et at. 1984) or to move to 
new habitats suitable for pupation (Gunn 1985, Erman 1986). 
Chironomid larvae have also been shown to migrate to new habitats 
throughout their life, such as the shift in distribution, from 
macrophytes to mud, exhibited by Endochironomus albipennis in 
autumn, where they form pupal cocoons (Saether 1962, Kornijow 
1992), and the shift in vertical distribution down through the littoral 
sediment as larvae of several species grow (Olafsson 1992). In 
describing the distributions and densities of invertebrate populations, 
it is clearly important to take into account this possible movement of 
larvae between habitats, in order to sample the entire population 
adequately and to investigate more fully the ecology of each species. 
From the seasonal densities of each instar, it is also possible to 
describe the life-cycles of the different epilithic species. There has been 
very little data published on the species composition or life-cycles of the 
littoral invertebrates of the Shropshire Meres, or indeed of any British 
lake littoral. Such data is important if the secondary production of lake 
littorals is to be estimated, and knowledge of insect life cycles is vital 
for any comparative studies between lakes in different areas or ones 
that differ in physio-chemical properties (for example, lakes that 
seasonally stratify or not). Lake or reservoir levels may fluctuate due 
to human activity. The timing of these fluctuations will be crucial to 
invertebrates living in the littoral and information about life cycles, 
including speed of development and timing of pupation and emergence, 
will assist in management decisions. 
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4.2 Methods 
In the previous chapter (Chapter 3), the total monthly density and 
biomass of each epilithic species on stones taken from the four habitat 
patch types was described. In this chapter, the monthly densities of 
individual instars for each species is described from the same samples. 
The methods for this chapter are thus the same as for the previous 
chapter. 
In addition, further data, based on samples collected the year following 
the 1993-1994 survey, are presented and assist in the interpretation of 
the results from the survey. 
1) Monthly samples in benthic sand/gravel layer March 1994 
- November 1994 
The densities of larvae in the sand/gravel layer, in which the stones 
were embedded along the shore, were sampled from March 1994 to 
November 1994. Samples (from 600 cm2 surface area of the lake bed) 
were taken from three shaded sites and three open sites chosen at 
random along the shore, each month. Samples were taken from one 
depth band only, between 20cm and 30cm, to simplify the sampling 
procedure. 
For each sample, a high-sided aluminium quadrat with sharpened 
'legs' (Fig. 4.1) was pushed into the sand/gravel, such that the bottom 
of the sides were just buried. Large stones or rocks were removed from 
the quadrat and discarded, so as not to sample invertebrates on large 
stone surfaces. The sand and gravel within the four legs and sides was 
then removed to a depth of about 5-10 cm, using al0cm-wide, square- 
sided 'scoop', with a toothed lower edge, attached to a 50cm handle 
(Fig. 4.1). At the rear of the scoop was attached a close-ended 100 um 
mesh net. The sand and gravel, together with invertebrates, within the 
quadrat were scooped up into the net and then emptied into a bucket. 
The high sides of the quadrat reduced the loss of invertebrates. 
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The invertebrates in the bucket were then elutriated from the sand 
and gravel and poured through a 100 pm sieve. Invertebrates were 
immediately preserved in 70% alcohol. Invertebrates were sorted from 
remaining non-invertebrate debris in the laboratory and counted. First 
instars were not counted (and may have passed through the mesh of 
the scoop). Invertebrates were identified to species and instars above 
first instar. 
2) Dry mass of individual fifth instar Tinodes from open and 
shaded areas 
Fifth instar 7inodes were collected, in August and November 1994, 
from artificial substrata laid out along the littoral in spring 1994 (a 
description of these artificial substrata and the methods involved is 
given in the following chapter). Larvae were frozen within a few hours 
of collection in the field. Fifteen fifth instar larvae, taken at random 
from samples from both open and shaded areas, were then freeze-dried 
for 12 hours in the laboratory. Dried larvae were then weighed on a 
micro-balance. 
3) Distribution of adult insects in vegetation, June 1995 
In spring 1995, the distribution of adult insects in bankside vegetation 
was measured. Sampling was done on two occasions. On the first 
(15/6/95) there was a strong wind blowing, on the second (24/6/95), 
conditions were calmer. Four vegetation types were sampled. They 
were: 
i) bankside trees (canopy only) 
ii) shaded shoreline vegetation (bushes and herbs under trees) 
iii) open shoreline vegetation (bushes and herbs in open areas near 
trees) 
iv) short grazed turf (grass that extended down to the water's edge in 
areas away from trees). 
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Trees were either alder (Alnus glutinosa) or ash (Fraxinus excelsior). 
The vegetation underneath the trees consisted mainly of nettles 
(Urtica dioecia), thistles (Cirsium spp. ) and docks (Rumex spp. ). The 
open vegetation was similar, with the addition of occasional clumps of 
short rushes (Juncus spp. ). Vegetation was sampled by sweeping the 
vegetation vigorously for a total of 30 seconds with a standard sweep 
net. Insects captured in the net, together with broken leaves, twigs and 
stems, was transferred to a plastic bag containing 70% alcohol. These 
were sorted, identified and counted in the laboratory. Caddis were 
identified to species or genus, chironomids were identified to family. 
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4.3 Results 
4.3.1 Densities of instars of each species across the four 
habitat patch types on stones sampled each month for the 
survey 1993-1994 
In the previous chapter, the total densities and biomass of each 
species, on upper surfaces of stones sampled from the four habitat 
patch types, was described. This section describes further the 
densities of each instar of each species on the stone surfaces 
sampled, for the four habitat patch types. 
i) Tinodes waeneri 
Instars 1,2 and 3 of Tinodes waeneri were numerically more 
abundant in the shaded patch types then in open ones (Fig. 4.2). A 
repeated measures ANOVA showed that the differences were 
significant (P<0.05) for each instar (Table 4.1a). Abundance did not 
differ overall on the stones from different depth, although there was 
a higher abundance of instar 2 on stones from shallow water which 
was weakly significant (P<0.1) (Table 4.1a). Neither factor (Light 
and Depth) had a clearly significant influence on the abundance of 
instar 4 larvae but there was an indication that density was higher 
in shaded (P<0.1) and deep (P<0.1) patch types (Fig. 4.2, Table 4.1). 
Final instar larvae were numerically more abundant in the deep 
patch types (P<0.01), though the strong month x depth interaction 
term shows that the effect of depth was particularly important in 
winter. Pupae tended to be more abundant overall on stones in 
deeper water (P<0.1; Table 4.1b). There was a single peak in pupal 
density in August in shallow water (Fig. 4.2), that resulted from a 
'summer generation'. In May, June and July, pupae were present 
almost exclusively in deep water and resulted from larvae that had 
overwintered there. A two-way ANOVA of pupal abundance in May, 
June, July and August with Depth and Light as main factors (Table 
4.1b), showed a strongly significant effect of depth (P<0.05) for 
pupae from the overwintering generation (in May, June and July) 
but no effect for either factor for the pupae from the summer 
generation in August. 
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ii) Cricotopus sylvestris 
Instars 1,2 and 3 of Cricotopus were significantly more abundant in 
the shallow patch types (Fig. 4.3; Table 4.2). Instar 1 larvae were also 
weakly significantly more abundant in shaded patch types and the 
June peak in the abundance of first instar larvae was particularly 
marked in shade/shallow patch types but entirely absent in the 
open/deep patch types (Fig. 4.3). Light had no effect on the distribution 
of instar 2 larvae but instars 3 and 4, and pupae, were all significantly 
more abundant in open than shaded patch types (Fig. 4.3; Table 4.2) 
iii) First instar Chironominae. 
The first instars of the Chironominae (Microtendipes, Glyptotendipes 
and Endochironomus) were difficult to distinguish. The distribution of 
these unidentified first instars (UFIs) across the four habitat patch 
types is shown in Fig. 4.4. There was a significantly greater density in 
the shaded patch types (P< 0.05) (Table 4.3). This difference is 
particularly strong for the months May-August, suggesting that first 
instars hatch from eggs laid predominantly under trees during this 
period. 
iv) Microtendipes pedellus 
Second instar larvae were much more abundant overall in shaded 
patch types than open patch types (Fig. 4.5; Table 4.4), while depth 
was not significant. There was a marked peak in density in shaded 
patch types in May, perhaps suggesting that the peak of first instar 
Chironominae in shaded, shallow patch types in the same month (Fig. 
4.4) could also be attributed to Microtendipes. The highly significant 
interaction term, between month and light in the repeated measures 
ANOVA shows that the relationship between shaded and open patch 
types is not consistent through the year. In fact, in July, August and 
September, second instars were more abundant in open, rather than 
shaded patch types. 
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Neither light nor depth was a significant factor overall for third 
instars, although the highly significant interaction term between 
month and light shows the effect of light changes markedly through 
the year. Third instars peaked in shaded patch types in May, but were 
almost absent through the rest of the summer. In open patch types, 
however, they were most abundant from July to October. Light was a 
significant factor in the density of fourth instars, which were much 
more abundant in open, rather than shaded patch types. No pupae of 
Microtendipes were found. 
v) Glyptotendipes pallens 
Second, third and fourth instars were significantly more abundant in 
deep patch types than in shallow patch types (Fig. 4.6; Table 4.5). 
There was a later strong peak in density of second instars in August in 
shaded/deep patch types (Fig. 4.6). This peak in density of second 
instars in August corresponded to a strong peak in density of 
unidentified first instars in August in the shaded/deep patch types 
(Fig. 4.4), suggesting that these were Glyptotendipes larvae. There was 
a weakly significant greater abundance of third instars in the open 
patch types (P<0.1) (Table 4.5), but no overall significant effect of light 
on the densities of second or fourth instars, or pupae. All instars and 
pupae were present at very low density in the shaded/shallow patch 
types throughout the year. The density of pupae on the stone surfaces 
was very low, relative to that of larvae. 
v) Endochironomus albipennis 
For Endochironomus, depth was a weakly to strongly significant main 
factor for the abundance of second, third and fourth instar larvae (Fig. 
4.7; Table 4.6), larvae being more abundant on stones from deeper 
water. Light was a significant factor for fourth instars only, abundance 
being greater in open patch types. No pupae were found on the stone 
surfaces. 
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4.3.2 Life-cycles of each species on stone surfaces 
In order to facilitate the description of the life cycles of these species, 
the frequency distributions of larvae and pupae in monthly samples in 
all patch types have been calculated. Based purely on field collections 
of larvae, however, these life cycles are somewhat speculative. 
i) Tinodes waeneri 
Tinodes waeneri larvae overwintered as third, fourth and fifth instars 
(Fig. 4.8). In May, only fifth instars and pupae, plus a very small 
number of fourth instars were found, indicating that larval 
development and pupation had taken place. By June, first and second 
instars were found, together with lower densities of fifth instars and a 
very few pupae. There is therefore an overlap of generations, indicating 
that the population is not fully synchronised. In July, higher densities 
of fifth instars were found together with low densities of third and 
fourth instars. There was therefore a rapid development from first to 
fifth instar of at least some of the larvae recruited in June. The 
densities of first and second instars were similar to those found in 
June. These early instars probably hatched from eggs laid by adults 
emerging in June, rather than May. By August, there was another 
peak in density of pupae and much lower densities of fifth instars. This 
indicates that many of the fifth instars present in July had pupated by 
August. There were also lower densities of first and second instars, but 
higher densities of third and fourth instars, demonstrating the growth 
and development of newly recruited larvae between July and August. 
By September, there was another peak of recruitment of early instars. 
These clearly hatched from eggs laid by adults emerging from pupae 
present in August. There were greater densities of fifth instars in 
September, compared to August, indicating slow growth and 
development of third and fourth instars from August to September. 
Early winter months, such as October and November were dominated 
by fifth instars, with densities dropping slowly over winter, 
presumably indicating larval mortality. The density of third and fourth 
instars appeared to remain quite stable over the winter, showing. that 
mortality was possibly lower in these instars. 
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The population of Tinodes in the littoral of Crosemere is therefore 
probably partially bivoltine and partially univoltine (Fig. 4.8). Some 
individuals pupate in May, emerge and lay eggs that hatch by June. 
These larvae can grow quickly to become fifth instars by July. These 
then pupate in August, emerge and lay eggs which hatch in September, 
so producing a second generation. 
Larvae that hatch later than June possibly develop more slowly to 
become fourth or fifth instars by August and September and thus 
overwinter as fifth instars. Second generation larvae hatching in 
September probably develop into third and fourth instars by October 
and November and overwinter as third and fourth instars. 
The peaks in density of first and second instars were greatest in the 
shaded/shallow patch types for both the June and September peaks 
(Fig. 4.2), indicating that oviposition and larval recruitment both took 
place in shaded/shallow patch types for both generations. 
ü) Cricotopus sylvestris 
The number of fourth instar larvae of Cricotopus on stones increased 
sharply in March and remained high until October (Fig. 4.9). Only 
fourth instar larvae were found in April, along with pupae. First 
instars were found in May, suggesting that adults had emerged in 
April and laid eggs soon after. Second and third instar larvae were also 
numerous in May, inferring that growth of the larvae at this time must 
V, 
'leave 
been rapid. Pupae were then found in samples from June to 
September, with the highest density in August (Fig. 4.9). First instar 
larvae were very abundant in June and the larvae could have been 
responsible for the second and third instars found in July and the 
August peak in pupae. First and second instars were scarce in August, 
but first and particularly second instars were again abundant in 
September, and were probably the progeny of adults emerging from the 
August pupae. After September, the proportions of larvae in the 
various stages, mainly second and third instars, remained essentially 
similar until sampling ended in February, overall density declined over 
this period. 
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It is particularly difficult to interpret the life cycle of Cricotopus on the 
basis of monthly field samples alone. There was certainly a spring 
generation of adults in April/May and another in August/September, 
that gave rise to the overwintering larvae. In between, there may have 
been at least two discreet generations or, more likely, a number of 
overlapping generations. 
iii) Microtendipes pedellus 
A few Microtendipes overwintered largely as fourth instars on stones 
surfaces. They were very rare during this time, however, and it is 
likely that the population mainly overwinters in another habitat, such 
as the sand/gravel layer. Very few larvae, and no pupae, were found on 
stones in April, suggesting that the species also pupates elsewhere. 
Very high densities of second and third instars appeared in May. In 
June, the density of fourth instars was higher than that of early 
instars, indicating rapid growth and development by larvae of this 
generation. A further group of second instars appeared in July, though 
these were much less numerous than those in May. Second and third 
instar larvae were found throughout July, August and September and 
seemed to give rise to a peak of fourth instars in October. 
Microtendipes was numerous on stones in October, but densities then 
declined greatly overwinter, suggesting either high mortality or 
movement from stones to other habitats. It seems likely that 
Microtendipes is bivoltine in Crosemere, with adult emergence in April 
and June/July (Fig. 4.10). 
iv) Glyptotendipes pallens 
Glyptotendipes larvae overwintered on stones as second, third and 
fourth instars. By May, only fourth instars and pupae were found on 
stone surfaces, suggesting that growth and development of the 
overwintering larvae had taken place. In June, second, third and 
fourth instars were found, which seem to have originated from 
emerging adults from the overwintering larvae. Greater densities of all 
instars and pupae were found in July. Pupae present in July and 
August are most likely to be from the summer generation of larvae. 
Densities of second, third and fourth instars, originating from the 
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summer generation, were high from July onwards, especially in 
August, September and October. Glyptotendipes appeared to have two 
generations per year, but with much lower densities in spring and 
summer. Highest densities were found on stones in September and 
October. 
v) Endochironomus albipennis 
Endochironomus larvae were abundant on stones from mid-summer 
until October in the year of sampling. No pupae were found on stone 
surfaces, so pupation must have been elsewhere. Second, third and 
fourth instars were all found in varying proportions from July to 
October, with second instars extremely common in September (Fig. 
4.12). The reconstruction of the life-cycle of Endochironomus (Fig. 4.12) 
is extremely speculative, but it seems likely that there are two 
generations per year. The absence of pupae on stones, and the extreme 
scarcity of overwintering larvae on the epilithic samples, raises the 
possibility that some parts of the life cycle are spent in other parts of 
the littoral habitat. 
4.3.3. Monthly samples in the sand/gravel layer February 
1994 - November 1994 
Samples from the sand/gravel layer between and below stones were 
taken monthly from March to November 1994. Larvae of all five 
sedentary epilithic species were found (Fig. 4.13). Samples were taken 
from both shaded and open patches (n=3), but a repeated measures 
ANOVA showed no significant effect of light on the abundance of any 
species, nor any significant interaction terms between month and light 
(Table 4.7). Unfortunately, no samples were taken from the 
sand/gravel layer at the same time as the stone surface samples. The 
biomass of both ? `indes and Cricotopus was considerably less in the 
sand/gravel layer in 1994 than it had been on the stone surfaces in 
1993 (Fig. 4.14). In the same samples, however, Glyptotendipes and 
Microtendipes were considerably more abundant in the sand/gravel 
layer, suggesting that this is the 'primary' habitat for these two 
chironomids. 
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Fig. 4.13 Monthly biomass of each species in the sand/gravel 
layer for open and shaded areas (1994). N=3. Mean ±1S. E. 
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Fig. 4.14. Mean biomass of larvae on stone surfaces (for all habitat patch types) from Feb 93 - Feb 94 and in the sand/gravel layer (mean for open and shaded areas) March 1994 - November 1994. Mean ±1S. E. 
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4.3.4 The mass of individual fifth instar Tinodes from 
substrata in open and shaded areas 
The mean body dry mass of samples of fifth instar larvae, taken 
randomly from artificial substrata in shaded and open areas (15 larvae 
from open areas and 15 from shaded areas), was compared in August 
and November 1994 (Fig 4.15, upper panel). A 1-way ANOVA was 
performed on the differences in dry mass of the larvae from either open 
areas or shaded areas. Fifth instars were significantly heavier (P<0.05) 
in the open areas for both months. Fifth instars also weighed 
significantly more in November, compared to August (P< 0.001 using a 
1-way ANOVA) (Fig. 4.15, lower panel). 
4.3.5. Distribution of adult insects in vegetation. Spring 1995 
Adult insects were semi-quantitatively sampled from shoreline 
vegetation on two days in June 1994, one windy day (15 June) and one 
calm day (24 June). On the windy day, both Tinodes adults and other 
caddis adults were found at significantly different density across the 
four vegetation types (Fig. 4.16; Table 4.8). For Tinodes, the greatest 
densities were found in the shaded shoreline vegetation, the lowest 
(none) in the open short grass. The greatest density of other caddis 
adults (mainly Athripsodes spp. ) was found in the open shoreline 
vegetation. There was no significant difference between the adult 
chironomid density across the four vegetation types, although the 
density was very low in the open short grass. On the calm days, 
T indes adults were again found at significantly different density 
(P<0.01) across the four vegetation types (Table 4.8). The greatest 
density was found among the trees. As for windy conditions, no adults 
were found in the open short grass. No significant differences were 
found in the density of other caddis adults across the four vegetation 
types. Weakly significant differences (P<0.1) were found for chironomid 
densities between the four vegetation types. A very similar pattern in 
adult use of vegetation was seen for chironomids and modes. Very low 
densities of both groups of adults were found in the open short grass 
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Fig. 4.15. Dry mass of fifth instar Tinodes larvae from 
open and shaded areas in August and November. N= 15. Mean ±1S. E. 
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Fig. 4.16. Distribution of adult insects in shoreline vegetation: trees; open and 
shaded vegetation (forbs and rushes (Juncus sp)); short, grazed grass. Insects 
sampled on windy and calm days by sweeping vegetation for 30 sees. with a sweep 
net. N=6. Mean +1S. E. 
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4.4 Discussion 
4.4.1 Selection of oviposition sites by adults 
First instars of Tinodes, Cricotopus and Microtendipes were much 
more abundant on shaded, shallow stones than on those in other patch 
types. This suggests that adults of these species lay their eggs at the 
water's edge underneath trees. There was also a large peak in 
unidentified first instars, which are probably those of Glyptotendipes, 
in shaded/deep patch types in August. In these four species, therefore, 
adults apparently oviposit in close proximity to trees. Why might they 
do this? 
Selective oviposition with respect to terrestrial vegetation by adult 
aquatic insects has rarely been reported. Adult chironomids of species 
that associated with bankside trees in a tropical lake were found to 
oviposit under or near the trees and rarely in areas away from trees 
(McLachlan 1970). Vegetation was found to be a major factor limiting 
the distribution of lotic caddis larvae, through the provision of suitable 
oviposition sites (Statzner 1977) and vegetation also appears to be an 
important factor in the choice of oviposition sites in mosquitoes (Macan 
1961, Orr & Resh 1992). 
Terrestrial adults of many aquatic species have been found to associate 
with riparian vegetation as resting and maturation sites. Adult 
chironomids and Tinodes at Crosemere were found in greater 
abundance associated with bankside vegetation than in areas with low, 
short grass (Tinodes were virtually absent in these areas). Adult 
Tinodes were usually found associating with bankside vegetation in 
Llyn Hendref (Jones 1967) and with bankside oak trees in Windermere 
(Hickin 1967). By resting on the leaves, or stems of herbs, bushes and 
trees, they may be safer from both ground-dwelling and flying 
predators, such as spiders, dragon flies and damsel flies, bats and 
insectivorous birds, such as swallows and swifts. Spiders are reported 
to trap and kill many adult Tinodes at Lynn Hendref (Jones 1967). 
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Adults of the lotic caddis fly, Apatania fimbriata, were found to be poor 
fliers and escaped into dense bank vegetation when disturbed (Aurich 
1992). Caddis adults may also use vegetation as display and mating 
sites (Erman 1984, Jones 1967). Adult insects may also use riparian 
vegetation as shelter from the wind (Armitage et al. 1995) and may 
vary their location within vegetation, depending on wind speed 
(Jackson & Resh 1989). The location of adults in riparian vegetation 
along the shore of Crosemere may be weather-dependant, with more 
adults found in trees during calm conditions. In windy conditions, 
adults may associate with lower vegetation, or may even seek refuge in 
woodland some 50-100m from the shore. 
Adults may also associate with vegetation as sources of food. Adult 
chironomids are reported to feed on a number of sources, including fly 
droppings, nectar, pollen and honeydew (Armitage et al. 1995) and 
many of these will be associated with vegetation. In studies of Tinodes 
waeneri, both Jones (1967) and Hasselrot (1993) found that adults 
actively fed on nectar from vegetation following emergence. 
Swarming is a well-documented phenomenon in the terrestrial stages 
of aquatic insects. Swarming is often associated with visual swarm 
markers, including trees (e. g. Downes 1969, Statzner 1977, LeSage & 
Harrison 1980, Aurich 1992, Armitage et al. 1995). Swarming may be 
at a variety of positions with respect to trees, including adjacent to, 
above, within and below the canopy (Lindeberg 1964, Jackson & Resh 
1989, LeSage & Harrison 1980) Dense swarms of Tinodes adults were 
frequently observed directly beneath the canopy of alder and ash trees 
bordering the littoral, in late afternoon and evening. Swarming is 
widely interpreted to be a device whereby sexes attract each other. 
Swarms usually consist of males only, both for chironomids (Downes 
1969, LeSage and Harrison 1980, Kon 1987, Tokeshi & Takemon1996) 
and caddis flies (Morgan 1956, Tozer et al. 1981, Solem 1984, Aurich 
1992). Females are generally visually attracted to these swarms. 
Mating may take place within the swarm or on nearby vegetation. 
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Adults of Tinodes, Cricotopus and Microtendipes may thus associate 
with bankside vegetation for a variety of reasons, including resting, 
swarming and feeding. Oviposition may subsequently take place under 
trees for three possible reasons: 
1) Laying eggs under trees may be simply a result of adult association 
with vegetation for swarming and mating, with oviposition taking 
place at the nearest suitable site at the water's edge. As oviposition is 
be triggered by falling light levels (LeSage & Harrison 1980, Armitage 
et al. 1995), it may be concentrated in shaded places. Adult mosquitoes 
have been reported as favouring dark, shaded places as oviposition 
sites (Macan 1961). Tinodes is reported to begin egg-laying just after 
dusk, in common with many other caddis species (Jones 1967). If 
oviposition is triggered by a threshold light intensity, females may 
oviposit in shaded conditions under trees first. Aggregation of females 
(possibly involving oviposition pheromones) may then ensure that 
other females are attracted to these shaded sites. Tinodes females are 
reported to aggregate together during oviposition (Jones 1967). In this 
manner, oviposition under trees would not neccessarily be adaptive in 
itself, but may be a 'neutral' consequence of adult association with. 
vegetation. 
2) Oviposition under trees may be an adaptive response by adults to 
avoid being eaten by flying predators such as bird, bats, dragonflies 
and damselflies. These predators may find it difficult to catch adult 
insects on the wing under the canopy. Swifts and swallows were 
observed to avoid the trees in the evening when they were hunting for 
insects over the water's surface in Crosemere (pers. obs. ). Laying eggs 
under trees may also be an adaption to avoid dessication of adults or 
their eggs. These latter, laid at the water's edge, take several days to 
hatch and may suffer from the effects of direct sunlight. 
3) Oviposition under trees may be a way in which adults ensure that 
their larvae (as distinct from eggs) are placed in suitable 
microhabitats. If this were the case, larvae would be expected to 
remain in these habitats, or at least to disperse only minimally to other 
habitats. As has been shown in Chapter 3, larvae of most of the 
chironomids are abundant in the open areas in summer, rather than in 
shaded areas. Tinodes also appeared to be abundant in both open and 
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deep areas, for much of the year. Neither Tinodes nor chironomids 
were more abundant in shaded, shallow patch types, after spring. The 
dispersal of larvae of each species is discussed more fully in the next 
section. 
This behaviour of oviposition under trees may thus maximise adult 
survival (or possibly that of their eggs), rather than larval survival. 
Females risk complete failure if they are eaten before they lay their 
eggs, whereas they risk only partial failure if a proportion of larvae fail 
to find a suitable habitat. 
4.4.2 Seasonal/spatial distribution of larval instars of 
epilithic species 
i) Tinodes waeneri larvae 
Early instars of Tinodes were most abundant in shaded, shallow patch 
types, following apparent adult oviposition under trees. Successive 
instars were found at increasing density in other patch types, resulting 
in a much more even distribution of later instar larvae across the four 
habitat patch types. The summer distribution of larvae thus appeared 
to result from dispersal of larvae from the shaded, shallow patch types 
to other deep and open patch types. It is possible that the higher 
density of later instars in the deep patch types in winter resulted from 
either migration to deeper stones in autumn or higher mortality of 
larvae on shallow stones in winter. 
Larvae of T indes live in fixed retreats on stone surfaces, which 
presumably are costly to construct in terms of energy, time and 
potential predation risk. In a laboratory study, net-spinning fifth 
instar larvae of the caddis Polycentropus flavomaculatus had metabolic 
rates some 17% higher than resting larvae and net construction took 
about 5 hours (Dudgeon 1987). Starved individuals, forced to construct 
new nets every day, lost weight more rapidly than did undisturbed 
starved larvae, leading to the conclusion that net-construction in this 
species was an energetically costly activity. For Tinodes to abandon 
their retreats would thus incur reconstruction costs elsewhere and a 
greatly increased risk of mortality from predation. Larvae are unlikely 
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to leave their retreats unless biotic (e. g. competition for food or space, 
predation pressure) or abiotic (e. g. hydraulic stress) factors make it 
advantageous. Why, then, did larvae disperse away from the shaded, 
shallow sites? 
Larvae living in fixed retreats are likely to interact with neighbours, 
especially in crowded conditions. Competition for limited resources 
among retreat-dwelling territorial caddis larvae can lead to higher 
emigration (McAuliffe 1984b, Hart 1985, Englund 1993). In the 
previous chapter, it was shown that both macro-algal and micro-algal 
resources were lower on stones in shaded, shallow patch types in 
summer. This may have been due to the high grazing pressure from 
Tinodes, which dominated these patch types. Competition for these 
limited algal resources may therefore lead to displacement of some 
larvae by others. 
Open patch types appeared to be colonized by larvae moving from 
areas beneath trees, where females had oviposited. The density of 
fourth and fifth instars was much higher in the open patch types 
compared to that of first and second instars, indicating that late, 
rather than early instars colonized open areas. A similar pattern of 
larval colonization of new habitats was found by Becker (1993), who 
reported that larger instars of Tinodes rostocki, rather than small, 
colonized newly-exposed surfaces adjacent to already-colonized stones. 
He speculated that smaller larvae were less affected by intra-specific 
territorial aggression than larger larvae, because they were able to 
utilise any small spaces in between the galleries of larger larvae. 
Larger larvae, therefore, may have suffered relatively greater 
displacement from existing habitats. 
In September and June, first instars of Tinodes colonized stones in the 
shaded, shallow patch types. In September, however, there was 
already a high density of later instars of the slower-growing larvae on 
these stones, and also a much lower algal abundance, compared to 
early summer. Establishment of early instars during this month, 
therefore, appeared to be independent of the density of large larvae 
and perhaps also of resources and may be constrained simply by where 
they hatch from eggs, coupled with low dispersal ability. It might be 
expected, however, that there would be a local-scale negative 
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relationship between the abundance of small (first and second) instars 
and large (fourth and fifth) instars, if there was size-dependant 
competition for food or space. In Fig. 4.17, the densities of small larvae 
are plotted against those of larger larvae on the nine individual stone 
samples from shaded, shallow and open, shallow patch types. The peak 
in density of young larvae in shaded, shallow patch types in September 
in clearly apparent and, at the individual stone scale, the density of the 
two size groups was positively correlated. There is thus no evidence of 
'avoidance' of large conspecifics by young larvae, or of their exclusion. 
It is even possible that large larvae facilitate colonization by smaller 
larvae, perhaps by providing physical complexity, through their 
galleries, or by enhancing food supply (see Chapter 8). It is possible 
that, as the larvae grew, they would conflict with conspecifics for space, 
building material and algal resources, perhaps leading to emigration of 
the larger larvae from shaded, shallow stones to those in other patch 
types. 
It was shown in Chapter 3 that hydraulic disturbance from wave 
action was greater in shallow than in deep water. Wave action may 
also turn stones over and cause logs and branches, swept into the 
shore, to abrade the stone surfaces. Jones (1967) reported a higher 
mortality of Tinodes in winter in shallower areas, due to greater 
physical disturbance. Predation of invertebrates on stone surfaces by 
wading birds may also be higher in shallow areas, where the birds are 
more easily able to forage. The higher winter abundance on deeper 
stones of Tinodes larvae and, particularly, the almost total absence of 
pupae on shallow stones in spring, may thus be due to either higher 
mortality on shallow stones during winter, or to active migration of 
later instars larvae to deep stones from autumn through to spring. 
Migration of later instar caddis larvae to more favourable 
microhabitats, either to overwinter, or to pupate, has been observed for 
several species. Athripsodes atterimus larvae inhabiting lake littorals, 
for example, may migrate into deeper areas of the littoral during 
periods of ice cover on the lake (Morgan 1956). In spring, larvae 
migrated inshore in large numbers in order to pupate, demonstrating 
both the higher risks associated with shallow water for overwintering 
larvae and movement of larvae to more suitable sites for pupation. 
Larval movement towards favourable pupation sites has also been 
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Fig. 4.17. Densities of late instars vs early instars of Tinodes larvae on individual stones 
sampled from shaded/shallow and open/shallow patch types during summer months. 1993. 
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observed for the caddis larva Brachycentrus subnubilis, with larvae 
migrating to more exposed parts of the stream channel, which may 
have been more oxygenated or had a more suitable substratum (Gunn 
1985). Larvae of the caddis fly Chyranda centralis are reported to move 
upstream as an adaptation for avoiding pupation in areas of high 
temperature, low oxygenation or intermittent flow (Erman 1986). Later 
larval instars of the lentic caddis fly Nectopsyche albida moved from 
shallow to deeper areas of the lake in autumn, apparently due to the 
lower temperatures in shallow areas (Tozer et at. 1980). There was 
little significant difference between shallow and deep patch types in 
Crosemere during the winter (Chapter 3), indicating that any 
movement of Tinodes larvae to deeper areas (if this occurred) was not 
due to temperature. Migration of larval instars of the caddis fly 
Pycnopsyche lepida have been reported to migrate from stream 
margins to the deeper centre of the stream, whereas larvae of the 
congeneric P. guttifer showed much less movement (Cummins 1964). 
This movement of P. lepida was attributed to changing microhabitat 
selection by the different instars, accompanied by shifts in materials 
used in case construction and in food selection. Larval instars of the 
caddis fly Hydropsyche have also been reported to disperse from 
shallow bankside habitats of the Rhone river, where the early instars 
are predominantly found, to the deeper centre of the river, where the 
later instars are mostly found (Cellot et al. 1984). This dispersal was 
reported to be strongly influenced by hydrological conditions. 
ü) Cricotopus sylvestris 
The distribution of Cricotopus larvae showed strong differences 
between early and later instars. Early instars were found 
predominantly in shaded patch types, whereas later instars were found 
mainly in the open patch types. This pattern may be due to two 
possible causes - differential mortality in the different patch types, or 
dispersal of larvae across the patch types. However, the much greater 
density of fourth instars in the open, deep patch types, compared to 
that of first instars in the same place, indicates that immigration onto 
these stones had taken place, rather than low larval mortality. It 
seems likely, therefore, that larvae are leaving the shaded, shallow 
stones and dispersing to stones in other patch types. 
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What are the factors influencing stone surface immigration and 
emigration of Cricotopus? 
1) Affinity for Cladophora filaments 
Fig. 4.18 shows the distribution of larval biomass of each epilithic 
species across the four patch types, together with that of Cladophora 
abundance. The high abundance of Cricotopus in open patch types in 
summer coincided with a high abundance of Cladophora. Le Sage & 
Harrison (1980), studying a productive stream, found that C. sylvestris 
larvae were abundant on algae-rich stones and cobbles in sunlit riffles, 
where there was abundant growth of Cladophora. Macro-filaments of 
Cladophora thus appear to be a strongly favoured microhabitat for C. 
sylvestris larvae, which are often also found associated with 
macrophytes, such as Nuphea and Potamogeton (Armitage et al. 1995) 
and the bulrush Schoenoplectus lacustris (Drake 1983). Larvae may 
thus disperse away from shaded, shallow stones to stones in the open 
with abundant Cladophora cover. 
2) Phototaxis 
Phototaxis by early instars is seen in many Chironomidae (Armitage et 
al. 1995) and it is possible that directed movement towards light by 
Cricotopus larvae, having hatched from eggs laid in shaded patch 
types, may partly explain the higher abundances of later instar larvae 
in the open patch types. 
3) Competition and resource depletion 
Cricotopus sylvestris is reported to have either a free-living (Cuker 
1983) or a retreat-dwelling larva (Hershey & Dodson 1987). As in 
Tinodes, Cricotopus larvae may also defend feeding territories around 
their retreats (Wiley & Warren 1992). When algal density falls below 
some threshold level, larvae are reported to leave their retreats and 
become free-living, and either settle unoccupied retreats or take over 
the territories and retreats of other larvae. There was therefore 
considerable emigration from retreats in the face of resource depletion 
and direct competition from conspecifics (Wiley & Warren 1992). It is 
possible that the Arctic littoral studied by Cuker (1983) was 
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comparatively unproductive, so forcing the Cricotopus larvae to forage 
widely, rather than remain in retreats. Algal abundance thus 
apparently dictates whether Cricotopus is a free-living or a retreat- 
dwelling species and resource depletion or competition can influence 
the emigration of larvae away from their fixed retreats. 
The biomass of Cricotopus larvae is as high or higher in May and June 
in the shaded, shallow patch types compared to the open/shallow patch 
types, despite the very low abundance of Cladophora on these stones 
(Fig. 4.18). Clearly, then, Cricotopus were able to live on stone 
surfaces in the absence of Cladophora filaments. In July, however, the 
biomass of Cricotopus larvae in the shaded, shallow patch types falls to 
a very low level, which was not seen in the other patch types. This 
decline coincided with a sudden steep increase in the biomass of 
Tinodes larvae. It is possible that Cricotopus larvae leave stone 
surfaces in these patch types partly in response to the colonization of 
competitively superior Tinodes larvae. 
Competition between different species of retreat-dwelling larvae has 
been well documented in lotic systems, with larger species such as the 
caddis Leucotrichia pictipes excluding smaller species, such as larvae 
of the chironomid Rheotanytarsus sp. and Eukieferiella sp. (McAuliffe 
1984). Competition between Tinodes and Cricotopus is likely to be both 
direct and indirect. Direct effects'may includes both physical 
interference of Cricotopus by the larger Modes, exploitation of limited 
algal food and competition for limited space and/or building materials. 
Indirect effects include the alteration by Tinodes of the nature of the 
stone surface itself. By grazing down Cladophora filaments and other 
algae and creating a thin, algal 'lawn', Tinodes may reduce the 
availability of favoured microhabitats for Cricotopus larvae. This 
'habitat engineering' (Jones et al. 1994) may therefore set an upper 
limit on the density of Cricotopus larvae that can exist on the stone 
surface along with Tinodes larvae. 
Although the overall effect of Tinodes, in the absence of Cladophora, 
may therefore be to reduce, directly or indirectly, the abundance of 
Cricotopus on the stone surfaces, there is still a persistent low 
abundance of Cricotopus on the shaded, shallow stones throughout the 
summer (Fig. 4.18). Fig. 4.19 shows the relationships between the two 
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Fig. 4.19. Log total Cricotopus density vs Log total Tinodes density on stones sampled 
from shade/shallow and open/shallow patch types during summer months. 1993. 
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larvae on stones from shaded, shallow and open, shallow patch types 
during the summer (three stones were sampled from each replicate of 
patch type, to give nine individual stones from each habitat patch type, 
as for Fig. 4.17). It can be seen that whenever there is a significant 
relationship between the two species, it is positive. This indicates that 
although the stone surfaces in the shallow, shaded patch types may be 
less suitable overall for Cricotopus larvae, especially later instars, the 
few Cricotopus larvae that live on the stones are associated with the 
galleries of T`inodes larvae. This may be due to two possible reasons. 
Given the exposed nature of the low algal 'lawn' which probably results 
from intensive Tnodes grazing, Tinodes galleries may act as 
'protection' for Cricotopus larvae from free-living predators or 
competitors, including Asellus, snails and other caddis larvae, such as 
Ecnomus tenellus. The retreat-dwelling caddis Leucotrichia has been 
reported to exclude mayflies and much larger snails from around their 
galleries (Hart 1987). Small Cricotopus larvae may be able to hide on, 
or around, Tinodes galleries and thus avoid being displaced altogether 
by these other animals. In addition to grazing the algal biofilm down to 
a thin adnate layer, TI nodes larvae may also indirectly increase algae, 
by nutrient enhancement from larval excretory waste. The larvae of 
Cricotopus, within the generally food-poor habitat of the shaded, 
shallow stones, may thus be attracted to the algal-rich galleries of 
Tinodes, so causing the apparent positive relationship between the two 
species. The phenomenon of indirect algal enhancement by grazers, 
due to ferilization of algae by grazers waste products, has been 
reported by several other authors (e. g. Sterner 1986, Berquist & 
Carpenter 1986). It appears to be especially common in retreat- 
dwelling invertebrates, where the retreats develop a high abundance of 
algae, compared to surrounding substrata (Pringle 1985, Hershey et al. 
1988, Cox & Wagner 1989, O'Connor 1993). Enhanced levels of algae 
have also been reported within the galleries of Tinodes, due to high 
levels of metabolic and faecal waste from the larvae themselves 
(Hasselrot 1993). Field experiments were conducted in order to 
elucidate the interactions between Tinodes, Cricotopus and the algal 
density on substrata with algal 'lawns' on them, rather than 
Cladophora filaments. These are described and discussed in Chapter 8. 
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iii) Microtendipes pedellus 
Q 
Tbig distribution of Microtendipes larvae across the four habitat patch 
types showed many similarities with that of Cricotopus larvae. Early 
instars were abundant in shaded patch types in spring, but final 
instars were more abundant in open patch types. There was also a very 
low density of larvae on the shaded, shallow stones in summer. It 
seems likely that the abundance of early instars on shaded stones in 
spring, as for Tnodes and Cricotopus, is due to adult oviposition under 
trees. The low summer abundance may be due to dispersal of larvae 
towards more favourable habitats in other patch types, emigration 
which may be influenced by the same factors as for Cricotopus - affinity 
for Cladophora filaments, phototaxis or direct and indirect competition 
from Ti nodes. 
The low colonization by early instars of the second generation of larvae 
on shaded, shallow stones, may be due to adult females in summer 
ovipositing in different areas from those in spring. It is more likely, 
however, to be due to the unfavourability of these stones as a habitat 
for larvae, compared to the same stones in spring, which had more 
algae and fewer Tinodes. 
Microtendipes, unlike Cricotopus, was abundant in the sand/gravel 
layer, especially in June and July 1994. Microtendipes is presumably 
more adapted to a burrowing mode of existence. Microtendipes larvae 
are red, compared to pale green Cricotopus larvae and possibly contain 
more haemoglobin which would assist respiration in the less well- 
oxygenated sediment. Microtendipes larvae also feed by spreading a 
silk net from out of their tubes and drawing the net, with attached 
detritus and algae, back into their tubes (Walshe 1951). They may thus 
be more able to exploit loose, detritus-based food more easily than 
Cricotopus, which are reported to be algal-scrapers (Wiley & Warren 
1992, Cummins 1973). 
Microtendipes larvae may therefore disperse away from the 
shaded/shallow stones, both vertically into the sand/gravel layer and 
horizontally across to other patch types. Having left retreats on shaded 
stones, due to unfavourable conditions, larvae presumably move more- 
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or-less randomly until a more favourable habitat is reached, which 
may be another stone (probably in the open) or the sand/gravel layer. 
The similar biomass of larvae in the sand/gravel layer in both shaded 
and open areas indicates both that there was little wide-scale 
phototaxis by larvae and that light made little difference to the 
suitability of the sand/gravel. The movement of later instars away from 
shaded stones to both the sand/gravel layer and open stones in June, 
therefore, reflects microhabitat favourability, rather than an intrinsic 
response by the larvae to light conditions. 
iv) Glyptotendipes pollens and Endochironomus albipennis 
These species showed a similar seasonal distribution across the four 
habitat patch types. The distribution of early instars showed little 
difference from that of later instars and all had higher densities in the 
deeper patch types. The low abundance of both species in the shaded, 
shallow patch types probably reflects the unsuitability of this habitat, 
due to the reasons discussed above. 
Both Glyptotendipes and Endochironomus larvae were abundant in the 
sand/gravel layer early in the year and later on the stone surfaces 
(although these were results from two different years). It is possible 
that this indicates some movement between the two habitats. Densities 
of all three Chironominae, Microtendipes, Glyptotendipes and 
Endochironomus were very low on stone surfaces in winter, indicating 
that larvae either overwinter predominantly in the sand/gravel layer or 
that densities of larvae fluctuate greatly over the seasons. 
Endochironomus is reported to migrate seasonally from macrophyte 
surfaces to the muddy benthos of lakes in winter, where they 
overwinter in cocoons (Kornijow 1992) and back to plant surfaces in 
spring where they pupate. Larvae do this irrespective of the growth of 
macrophytes, so the behaviour is intrinsic to the larvae. This behaviour 
may represent an adaptation to environmental conditions during the 
different seasons. Summer food supply, such as epiphytes, would be 
higher on macrophytes than in the sediment, although the risk of 
predation by fish or macroinvertebrates may also be greater. The 
advantage gained from feeding on an algal-rich resource may outweigh 
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the disadvantage of an extra predation threat. In winter, however, 
following the reduction in macrophytes and their periphyton, coupled 
with the lower metabolic rate of larvae (which may make feeding less 
important), the risk of predation may outweigh the benefits gained by 
living on the remaining exposed macrophytes. This postulated 'trade- 
off between mortality risk and feeding may also apply to the 
Chironominae living on the stone surfaces, particularly for 
Microtendipes and Endochironomus and possibly Glyptotendipes, 
which appear to be facultative stone-dwellers, compared to Tinodes 
and Cricotopus, that were scarce in the sand/gravel layer. The 
restriction of these last two species to the upper surface of stones may 
be due to their higher oxygen demand, compared to the more 
haemoglobin-rich Chironominae. The three species of the 
Chironominae also tend to pupate in the sand/gravel layer. This 
behaviour may be advantageous as non-feeding pupae may be less 
prone to predation in the sand/gravel layer. 
4.4.3. Oviposition behaviour and habitat patchiness 
It has been shown that some or all larvae of Tinodes, Cricotopus and 
Microtendipes disperse away from shaded areas to both open areas and 
deep water. Open areas appeared to favour chironomids because of the 
greater abundance of Cladophora and other algae, with which the 
chironomids may associate. Tinodes larvae may also be at a selective 
advantage in open areas, due to the greater abundance of potential 
food. The greater body mass of Tinodes larvae from open patch types 
(Fig. 4.15) indicates that larvae feed more in open areas, possibly due 
to the greater abundance of Cladophora in these areas. Food quality or 
quantity available to larvae may influence adult size and this, in turn, 
can affect individual adult fecundity (Anderson & Cummins 1979, 
Butler 1984, Sweeney 1984). Although Tinodes adults are reported to 
feed on nectar as adults (Hasselrot 1993, Jones 1967), a greater body 
mass on emerging from the pupa will benefit adult survival and 
fecundity. It is possible, therefore, that the greater weight of larvae in 
open areas in August leads to greater fitness of adults subsequently 
emerging in these areas. A higher individual body mass of larvae in 
open areas may also increase overwintering survival of larvae, 
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compared to those in the shaded areas (that may have lower fat 
reserves). 
Adults of these three species, however, do not oviposit in open (or deep) 
areas and so do not appear to be maximising the initial fitness of their 
larvae. If there are selective advantages for the adult to lay their eggs 
under trees, for example to avoid predation or desiccation, then 
individuals may be maximising the inclusive fitness of adults and 
offpsring, rather than that of individual larvae. 
It is often assumed, however, that adult aquatic invertebrates oviposit 
in habitats which benefit larvae. An example is the postulated 
upstream flight of adult lotic insects (e. g. Muller 1982). In this model, 
larvae tend to drift downstream throughout their lives, due to the 
effects of flow. In order to counter-balance this effect, adults fly 
upstream from their emergence sites in order to oviposit (despite the 
fact that this behaviour may incur a greater predation risk from 
predators). Evidence for this hypothesis is contradictory, with many 
lotic species being found to fly randomly, into neighbouring woodland, 
or even downstream, as well as upstream (Svensson 1974, Neves 1979, 
Bird & Hynes 1981, Muller 1982, Bergey & Ward 1986, Sode & 
Wiberg-Larsen 1993, Williams & Williams 1993, Amholt 1995). 
Underlying the upstream flight hypothesis is the expectation that 
adult behaviour maximises larval survival. For species in which the 
larvae inhabit ephemeral and patchy habitats (usually terrestrial) such 
as dung, carrion, fungi, fruit, seeds etc., adults clearly must locate 
these patchy resources and lay eggs in them (Shorrocks & Nigro 1981, 
Hanski 1987, Shorrocks & Bingley 1994). However, other studies 
involving species exploiting less obviously patchy resources, are more 
equivocal, with some showing that adults do oviposit in optimum 
conditions for the larvae (Rauscher 1979, Damuran & Feeny 1988, 
Craig et al. 1989) and some where the adults do not (Rauscher 1979, 
Karban & Courtney 1987, Valladares & Lawton 1991, Morris et al. 
1992, Williams & Williams 1993). 
Holometabolous development, where there is a separation of the life- 
cycle into distinctly different life stages, such as larva, pupa and adult, 
has been hypothesised to evolve as an adaption to spatially 
heterogeneous environment (Bryant 1969). Habitat selection by 
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individuals can be both in the larval stages (a posteriori selection) or by 
adult stages (a priori selection). In mathematical models, Bryant found 
that a priori selection of habitats by adults would result in a lower 
overall mortality than a posteriori selection of habitat by larvae. This 
was due to lower survival of those larvae hatching from eggs laid in 
unsuitable habitats. The model assumed, however, that adult mortality 
was nil and ignored both the greater importance to future reproductive 
success of the adult stage, compared to the larval stage (in that adults 
are more likely to reproduce than larvae) and the risk of mortality 
incurred in migrating from one habitat to another. However, the model 
predicted that selective pressures for a priori habitat selection by 
ovipositing adults would be greater in patchy habitats than for 
homogeneous habitats. Thus, within holometabolous groups of insects, 
one may find increasing adult selectivity of oviposition sites with 
increasing patchiness of habitat experienced by species. 
Aquatic species with specialised, patchy habitats may therefore show 
greater selection of oviposition sites by adults. Examples include the 
oviposition in Myriophyllum beds by adults of the caddis fly 
Nectopsyche albida and Anopheles mosquitoes (Tozer et al. 1980, Orr & 
Resh 1992). The larvae of both species are strongly associated with this 
vegetation, which can be very patchy in distribution. Contrasting 
oviposition behaviour of lentic caddis flies of the family Phryganeidae 
is reported by Bray (1971) at Malham Tarn, U. K. Agrypnetes 
crassicornis laid its eggs indiscriminately at the water's edge and 
larvae had to migrate to offshore macrophyte beds, which they did as 
swimming and drifting first instars. Phryganea (Agrypnia) obsoletes, 
however, oviposited eggs directly at the water's surface in Potamogeton 
beds and early instars did not have to migrate large distances to find a 
suitable habitat. Agrypnetes crassicornis lives in a variety of habitats 
and is reported to be common in the marine littoral (Hickin 1967), 
especially among Fucus algae. Specialist oviposition behaviour with 
respect to vegetation, in this species, would not therefore be of selective 
advantage in the marine littoral. Phryganea obsoletes , 
however, is a 
specialist of small upland water bodies, and is usually associated with 
macrophytes, so that specialist oviposition behaviour is likely to be 
advantageous. 
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Tinodes, Cricotopus, Microtendipes and Glyptotendipes are all quite 
generalist species, with individuals found in a range of both flowing 
and still waters. Specialist oviposition behaviour, therefore, would not 
be an advantage to these species. Tinodes inhabits a variety of littoral 
habitats, with populations found in oligotrophic Swedish lakes 
(Hasselrot 1993), English mesotrophic lakes (Jones 1967, Hickin 1967) 
and English eutrophic lakes, such as Crosemere. It is thus likely that 
populations will experience a variety of habitats, including littorals 
with very little macro-algal growth on stones (Hasselrot 1993), in 
contrast to the littoral of Crosemere with its abundance of Cladophora. 
Trees are clearly an important influence in the oviposition behaviour of 
many of the common littoral species, including Tnodes waeneri. The 
distribution of trees along the exposed littoral is both discontinuous 
and limited, with wide stretches either side of the main belt of trees 
characterised by low grazed turf where, as has been shown, few adult 
insects are found. The distribution of larvae along the shore may, 
therefore, initially be confined to areas under or near to trees. The 
dispersal ability of the larvae will subsequently influence the final 
distribution of later instars. The larval distribution of Glyptotendipes 
sp. in Tjeukemeer, Holland, for example, was reported to be limited by 
the proximity of reed beds, where early instars were most abundant 
(Beattie 1992). 7Ynodes waeneri larvae are slow crawlers, with little 
swimming ability. Their distribution would thus be strongly more 
strongly influenced by trees than would that of the chironomids, with 
their better swimming ability. Tinodes appears strongly to influence 
the densities of both algae and other invertebrates on the stone 
surfaces As a result, the presence of trees will markedly influence the 
littoral community, via their indirect effect on the adult oviposition 
behaviour, as well as their simple shading effect. On lake shores 
lacking bankside trees, such as many in upland regions in the UK, the 
paucity of vegetation favoured by adults, including that used in mating 
and oviposition behaviour and feeding, may limit the distribution or 
density of many epilithic insects. 
174 
4.4.4 Life cycles of the different species 
i) Tinodes waeneri 
Tinodes waeneri potentially has two generations (larvae to adult) per 
year, although in Crosemere these do not appear to be fully separated, 
with a proportion of the population undergoing two generations a year 
and others undergoing one generation a year. Caddis larvae typically 
undergo either one or two generations a year, with some species having 
both (Hickin 1967). Other lotic Tinodes species, including T. rostocki, 
T. dives, T. unicolor, T. maclachlani and T. assimilis have been 
reported to be univoltine (Jones 1967, Alderson 1969). The partly bi- 
voltine pattern of Modes waeneri has been seen in other studies of 
this species. Jones (1967) found that Tinodes had a variable life cycle 
in Llyn Hendref, a lake in North Wales. During some years there was 
only a single generation, in other years a mixture of one and two 
generations, or there were two complete generations. He attributed the 
differences between the years to the relative food supply available to 
larvae and to variable early spring temperatures and conditions during 
winter. Dall et al. (1984) also found that Tinodes exhibited three 
patterns of voltinism, within one population in a single lake, Lake 
Esrom in Denmark. Larvae living in the most exposed parts of the 
littoral exhibited two complete generations a year, whereas those living 
in the most sheltered part of the lake had only a single generation a 
year. Populations in intermediate areas had a partly bivoltine and 
partly univoltine cycle. These differences were attributed to differences 
in the quality and quantity of food and larvae in the more exposed 
littorals. Larvae in the less oxygenated, sheltered areas may have had 
to spend more time undulating their bodies to draw water through the 
galleries, so spending less time feeding compared to those larvae in the 
more oxygen-rich, wind-exposed littorals. Hasselrot (1993) found that 
Modes larvae spent up to 40% of their time ventilating their galleries. 
In laboratory experiments, larvae spent more time feeding and less 
time ventilating in better oxygenated water. Larvae may also undulate 
their bodies to rid their galleries of ammonia, produced in excretory 
waste by the larvae themselves. Oxygenation also would favour 
oxidation of ammonia to nitrate. Turbulent water would reduce the 
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need for undualtion, so saving energy, and also reduce any toxic stress 
on the larvae. 
Variable environmental conditions may therefore explain why 
spatially- or temporally separate populations have different life-cycles. 
In areas of littoral where populations are partly bivoltine and partly 
univoltine, however, what causes some larvae to grow rapidly following 
hatching in spring and pupate after only several weeks, whereas other 
larvae grow more slowly and pupate the following spring? In 
Crosemere, some Tinodes larvae hatch in June, grow rapidly to fifth 
instar by July and pupate by August. These then give rise to second 
generation first instars in September. Other larvae evidently do not 
grow so fast as there is a high proportion of third and fourth instar 
larvae on stones in August. There may be three explanations for this 
difference in larval growth: 
1) Those larvae that hatch first, from eggs laid earliest in May, may 
grow rapidly and competitively reduce the growth of later-hatching 
larvae, either by consuming algal resources on the stones ('scramble' 
competition) or by excluding them from territories around their 
galleries ('contest' competition). 
2) Algal density on the stones declined steeply from May to July. 
Larvae that hatch early would have more food than those that hatch 
later. This greater initial food supply may allow early larvae to 
complete their development and pupate in summer, whereas later 
larvae would need longer and pupate the following spring. 
3) It is possible that there are genetic differences within the 
population of Tinodes larvae, with some larvae having the tendency to 
grow very rapidly indeed, and produce a second generation within the 
year while others may tend to grow more slowly and overwinter as 
larvae. 
The lighter fifth instars, sampled in August (Fig. 4.15) are almost 
certainly individuals from the rapidly-growing, first generation of the 
'bivoltine' part of the population, whereas fifth instars in November are 
likely to be individuals from the univoltine portion of the population. A 
similar observation was found by Jones (1967), who found that fifth 
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instar larvae of the first generation of the bivoltine population were 
generally smaller than fifth instar overwintering larvae. Adults from 
the 'summer' generation of larvae were also generally smaller than 
adults from the overwintering larvae. These results suggest together 
that larvae that grow rapidly and give rise to a second generation in 
late summer may 'sacrifice' individual size and weight, in order to 
emerge as adults in summer. In poor years, larvae that do this may 
have such low final instar weight that pupation is impeded, or adults 
emerge with very low fecundity. This strategy may therefore be 
selectively disadvantageous in these poor years, compared to 
individuals that grew more slowly and completed development the 
following spring. In favourable years, however, the same strategy may 
enable individuals to reproduce twice as fast as those larvae that do so 
the following year. In an unpredictable temperate climate, such as in 
the U. K., larvae that tend to grow rapidly and pupate in summer may 
be successful in some years and not in others. This may lead to a 
temporally dynamic equilibrium between rapid- and slow-growing 
larvae, with the numbers of the former increasing in favourable years, 
and the numbers of the latter in poor years. 
The genetic control of voltinism has been widely demonstrated in many 
terrestrial insects, such as Drosophila and the silkworm, with 
populations of a single species showing both multivoltinism and 
univoltism (Tauber & Tauber 1981). Polymorphism in seasonal cycles 
is a common adaption that can reduce the probability of extinction in 
unpredictable habitats and that allows populations to exploit 
seasonally variable habitats (Tauber & Tauber 1981, Southwood 1977). 
Genetic variation determining voltinism within populations may be 
particularly advantageous to a littoral species, as there may be large 
between-year differences in the productivity of epilithic biofilms, 
compared to those in lotic systems. 
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ii) Cricotopus sylvestris 
The determination of the number of generations undergone by the 
littoral chironomids of Crosemere is difficult because the sample period 
(one month) was too coarse to follow accurately the different cohorts, 
especially for the smaller Cricotopus sylvestris, which appears to have 
several generations in the year. However, there appear to be at least 
three generations a year, with possibly up to five. There may well be 
intra-population differences in the number of life-cycles per year. This 
model is proposed for C. bicinctus by Rosenberg et al. (1977), who 
proposed that part of the population was bivoltine and part trivoltine. 
Populations of several species of lotic Cricotopus studied by LeSage & 
Harrison (1980) were reported to have five distinct generations per 
year, a pattern consistent over three years of study. 
iii) Microtendipes pedellus 
All the Chironominae found on the stone surfaces appear to complete 
at least some of their life-cycle in the sand/gravel layer, or in other 
habitats, such as the deeper areas of the littoral, especially pupal 
stages. Densities on the stone surfaces, therefore, must be interpreted 
with caution. 
Microtendipes appeared to have two generations during the year 
studied -a large first generation on the stones, developing rapidly from 
May to June, followed by a second generation developing from July to 
October. The second generation was less numerous than the first, 
suggesting that conditions on the stone surfaces were less suitable 
than for the first generation. This could be due to the lower algal 
abundance on stones in mid-summer (Chapter 3). The second 
generation, as for later generations of Cricotopus, developed more 
slowly than the first. The absence of early instars in June, suggests 
that all larvae are bivoltine. Bivoltine populations of M. pedellus were 
reported from the littoral zone of Lake Esrom, Denmark (Jonnson 
1985). However, the first generation was found to emerge in May/June 
and the second generation in early September. This appears to be later 
than the first emergence of Microtendipes in Crosemere in April/May 
178 
(judging by the appearance of high densities of third instars in mid- 
May) and the second in July/August. 
iv) Glyptotendipes pallens 
Glyptotendipes, as for Microtendipes, appeared to have two generations 
during the year studied. The first generation grew rapidly from June to 
July. There were apparently overlapping generations in July and 
August, again suggesting that some larvae develop more quickly than 
others. The population may therefore be partly univoltine, partly 
bivoltine. The first generation, in contrast to Microtendipes, was 
present at very low density on the stone surface, whereas the second 
was more common on the stones. Beattie (1982) found the life cycle of 
G. pallens in the littoral of Tjeukemeer (a shallow, wind-exposed lake 
in the Netherlands) to be bivoltine. The adults first emerged in June. 
Adults from the second generation then emerged in late July. The 
population in Crosemere again appears to emerge somewhat earlier, 
with pupae being found in May and moderate densities of first 
generation third instars found in June, indicating emergence in mid- 
late May. The second generation of pupae were seen in July and 
August, coinciding with the late July emergence of Glyptotendipes 
adults in Tjeukemeer. Three generations of Glyptotendipes gripekoveni 
were reported from the littoral of Zegrzynsky reservoir, Poland, with 
similar emergence times for the first and second generations, as for G. 
pallens in Crosemere (Kuklinska 1992). The third generation was 
hypothesised to descend from a proportion of larvae pupating in 
September or even October. There was little evidence for a third 
generation in Crosemere. 
v) Endochironomus albipennis 
Endochironomus showed a similar pattern to that of Glyptotendipes. 
There appeared to be two generations during the year studied, with the 
first developing from May to July, the second appearing in 
August/September. As for Glyptotendipes, the second generation on the 
stones was much more abundant than the first and the population may 
be partly univoltine and partly bivoltine. Endochironomus albipennis 
has been reported to have two life cycles per year (Jonsson 1985). The 
first emergence was seen in May/June and the second in July/August. 
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The rarity of larvae on stone surfaces in spring and early summer 
makes determinism of emergence times difficult but emergence of 
adults probably took place in late April/early May, judging by the 
increase in density of fourth instars in mid April and the decline of 
these by mid May. This is again earlier than reported elsewhere. The 
second emergence probably occurred in July/August. 
The first generation of Microtendipes was very common on the stones, 
whereas those of Glyptotendipes and Endochironomus were rare. This 
may be due to differences in the affinities of the larvae of each species 
for the stone surfaces or the sand/gravel layer (or other habitat). 
Clearly, in order to define precisely the life cycles of benthic 
chironomids, it is necessary to sample all possible microhabitats, where 
larvae may spend part of, or all of their life. Microhabitats may vary 
seasonally in their attractiveness to larvae for many reasons, including 
food abundance, competition, predation or physical suitability. 
Early generations of chironomids and Tinodes developed more quickly 
than later generations, despite the lower light and temperature in 
spring. This may be due to the higher densities of both benthic and 
limnetic algae in spring, compared to summer, allowing faster growth. 
The emergence of adults of the overwintering generation was earlier in 
Crosemere, compared to lakes in Denmark or Holland. This could be 
due to higher spring temperatures in Crosemere at the time of study, 
or could be due to long-term differences between the lakes, possibly 
reflecting the higher abundance of food in Crosemere. 
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4.5 Conclusions 
1. This chapter has demonstrated the further spatial and temporal 
patchiness of the individual larval instars of the epilithic species with 
respect to the two variables of bankside tree shade and depth of stone. 
Three species - Tinodes, Cricotopus and Microtendipes showed strong 
differences in the distribution and abundance of larval instars across 
the four patch types. Larval instars of Glyptotendipes and 
Endochironomus, although patchily distributed, did not differ 
significantly in their distribution. 
2. First instars of Tinodes, Cricotopus and Microtendipes were 
abundant in shaded, shallow patch types, suggesting that adults 
oviposited at the water's edge, under trees. Adults were found in 
greater abundance in vegetation, particularly bankside trees along the 
shore and were observed to swarm under trees in late afternoon. 
Oviposition under trees may have reduced predation risk for adults or 
the desiccation risk to adults and eggs, or it may have been a neutral 
'side-effect' of the adult association with trees for resting, maturation, 
swarming and mating behaviour. 
3. Although early instars of Tinodes, Cricotopus and Microtendipes 
were more abundant in shaded, shallow patch types, later instars were 
found at high density in both open and deep areas. This indicated that 
either larvae suffered much greater mortality in the shaded, shallow 
patch types, or that larvae had dispersed to other patch types. The 
latter appeared more likely, given the much greater density of later 
instars than early instars in some patch types, suggesting immigration 
onto these stones. 
Owing to the high costs involved in dispersal and retreat-construction, 
larvae should only leave their original sites if conditions become very 
unfavourable. Tinodes dispersal in summer is possibly mediated by 
intense intra-specific competition for food and space on shaded, shallow 
stones. Higher densities of later instars of Tinodes on deeper stones in 
winter was due either to higher mortality on the more disturbed 
shallow stones or to larval migration to deeper areas from autumn 
onwards. 
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The dispersal of the two chironomids Cricotopus and Microtendipes 
was influenced by several possible factors. Highest densities occurred 
in the open patch types which also had the highest abundance of 
Cladophora filaments. This alga may represent a favourable 
microhabitat for these chironomids, so encouraging their immigration 
onto open stones. The two species may also have exhibited a 
phototactic response. Emigration from stone surfaces in shaded, 
shallow patch types was possibly influenced by strong direct and 
indirect competition from T'inodes larvae, that colonized these stones 
shortly after the chironomids. 
In addition to lateral dispersal between stone surfaces, the 
Chironominae Microtendipes, Glyptotendipes and Endochironomus all 
showed some evidence of movement from stone surfaces into the 
sand/gravel layer, especially during pupation and over winter. During 
these periods, the benefits of living on stone surfaces, in terms of 
greater algal food abundance, may have been less than the costs of 
disturbance and predation, that would have been lower in the 
sand/gravel layer. Tinodes and Cricotopus both appeared to be obligate 
stone dwellers, perhaps due to their higher oxygen demand. 
4. Despite the more favourable conditions for larvae in open patch 
types, adults of several epilithic species did not oviposit in these areas. 
Oviposition behaviour may have evolved in these species that 
minimises risk to adults, rather than maximises survival of larvae. 
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5. Life cycles of species ranged from univoltine to multivoltine. Tinodes 
waeneri showed evidence of both a univoltine and bivoltine pattern. 
Environmental factors, such as food or temperature may have been 
responsible, in that some individuals experienced more favourable 
micro-conditions. There may alternatively have been genetic 
differences between individuals, such that some tended to grow rapidly 
and were able to pupate in summer, while others grew more slowly and 
pupated the following spring. Cricotopus sylvestris has at least three 
generations and a possible maximum of five. All three Chironominae, 
Microtendipes, Glyptotendipes and Endochironomus probably have two 
generations per year. The populations of Glyptotendipes and 
Endochironomus may have been partly univoltine and partly 
bivoltine. 
183 
Chapter 5 
Community Assembly: Field Experiments on Colonization. 
5.1 Introduction 
Accounting for the coexistence of species in communities where there 
are strong biotic interactions is a challenge for ecologists. Habitat 
patchiness (the spatial or temporal variation in physical or biological 
factors) is one way in which species co-existence can be facilitated and 
can act as a source of species diversity, persistence and community 
stability (Cornell & Lawton 1992, Hildrew & Giller 1994). Habitat 
patchiness can operate at a variety of spatial scales (Hildrew 1995). In 
a lake littoral, for instance, patchiness could occur at the level of the 
individual organism or at that of distinct areas of the whole shoreline, 
encompassing many individual microhabitats. Previous chapters have 
demonstrated the spatial and temporal patchiness of the lake littoral 
community in Crosemere. Patchiness there was demonstrated at the 
level of the individual stone, for instance, the variation in Cladophora 
cover on individual stones within a habitat patch type and at the 
larger scale between the four habitat patch types, characterised by 
conditions of shade and depth. Patchiness in invertebrate biomass has 
also been shown to be partly attributable to patterns of adult 
oviposition leading to distinct patterns in the distribution of first instar 
larvae, followed either by differential mortality or dispersal between 
patch types (Chapter 4). 
Biological interactions contributing to community structure can act 
either directly or indirectly. Direct effects include intra- and inter- 
specific competition and predation. Competition, between pairs of 
species, whether by interference or by exploitation of resources, can be 
a significant factor influencing the behaviour, distribution and 
densities of aquatic invertebrates (e. g. Hart 1983, McAuliffe 1984a, 
Kohler1992), although early assertions that species assembly and 
community structure (in the sense of numbers and types of species) 
was predominantly determined by competition (Diamond 1975, 
Schoener 1983) have been challenged (Connor & Simberloff 1979, 
Shorrocks et al. 1984). 
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Indirect effects refer to those that one species can have on another, via 
its actions on an intermediate species. Three types of indirect effect 
have been described by Miller & Kerfoot (1987). These include, firstly, 
'indirect trophic linkage' effects, where species interact with others 
indirectly via trophic links between chains of species (analogous to 
trophic cascades seen in some lakes and rivers (Carpenter et al. 1985). 
There are, secondly 'indirect behavioural effects', where the presence of 
one species affects the behaviour of another with further consequences 
for a third. Thirdly, 'chemical indirect effects' occur when some 
herbivores accumulate in their bodies toxic chemicals, produced as 
secondary defence compounds by plants. This renders the herbivores 
less vulnerable to predators, which are deterred by the toxic chemicals. 
Another, fourth, type of indirect effect is that produced by organisms 
acting as 'engineers' altering the structure of their habitat, which in 
turn influences the distribution and density of other organisms within 
the same habitat (Jones et al. 1994). An example of the latter is where 
a herbivore grazes vegetation, the latter acting as a structural habitat 
for further species. 
Spatial variations in the interactions between organisms can create a 
patchy heterogeneous distribution, as in metacommunities of species 
(Hanski 1991, Bengtsson 1991, Tilman 1994). The differential 
dispersal and colonization abilities of sessile species (or species with 
sedentary lifestyles) will be particularly important for community 
structure, as the interactions between these species is likely to be 
particularly strong (Tilman 1994). 
Temporal variation in species colonisation and dispersal abilities may 
also create patchiness by creating refugia from strong interactions, 
direct or indirect. 'Probability refugia', where the aggregated nature of 
colonization by organisms on patchy and ephemeral resources within a 
habitat, such as carrion or fallen fruit, determines that weakly and 
strongly competitive species can co-exist in a habitat by occupying 
separate resource patches (Shorrocks & Rosewell 1987, Hanski 1987). 
Priority effects occur where newly-colonized species in a habitat or 
resource can inhibit establishment of later arrivals, usually by quickly 
monopolising key resources such as space or food (Alford & Wilbur 
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1985, Robinson & Dickerson 1987, Shorrocks & Bingley 1994). Plant 
escapes from grazing during succession can involve young plant 
propagules escaping grazing activity, either by being physically 
unavailable to the grazers in local spatial refugia (Lubchenko 1983) or 
by there being lags in the timing of colonization of plants and grazers 
in a vacant habitat. 
The organization of communities observed at any particular time may 
be due both to pair-wise species interactions within the habitat at that 
time and to historic effects (spatial and temporal) that have taken 
place since the habitat was initially colonized. Single observations in 
time of the habitat patch may not be able to distinguish between these 
two processes. (Hastings 1987, Drake1990, Drake 1991). We therefore 
need to observe the assembly of a community on new or vacant 
habitats over time to detect strong interactions between species and 
adequately to explain the processes underpinning the observed 
pattern. 
One particular feature of the littoral zone in Crosemere is the 
prominent community of sedentary, retreat-dwelling insect larvae.. 
These species inhabit more-or-less fixed spaces on stone surfaces and 
either feed on algae in and around their retreats, or filter 
phytoplankton from water drawn through the retreats. Leaving the 
retreats in order to disperse elsewhere probably increases the risk of 
predation by fish and other invertebrates. There is thus the possibility 
that there will be strong competition for suitable habitat on the stone 
surface between the species. Sedentary retreat-dwelling species may 
also strongly influence their immediate surroundings, in contrast to 
the more diffuse influence of mobile species. Invertebrates colonizing 
substrata in the littoral may thus experience strong direct or indirect 
competition from individuals of their own or other species. 
In addition to patchiness caused by the aggregated adult oviposition 
patterns, and by different dispersal abilities of larvae, patchiness in 
the stony littoral may be brought about by disturbance of stones by 
wave action, fish (especially large carp), cattle or humans. Any of these 
agents may turn stones over such that the original epilithic community 
on the upper surfaces, consisting of primary producers and consumers, 
is denied light and oxygen, or is buried by sand and gravel. The 
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original organisms would then either die or have to move onto other 
more suitable habitats. The clean top surface of the stone exposed in 
this manner will then become colonised by immigrant organisms, such 
that a new community is assembled. Spatio-temporal variation in the 
strong interactions between the epilithic organisms, coupled with the 
random events of new habitat creation through stones being turned 
over may both separately or jointly act to create the pattern observed 
in the littoral of Crosemere. 
This chapter describes a field experiment, whose aims were as follows: 
1) To mimic the natural supply of new epilithic surfaces (naturally 
produced by disturbance), by introducing artificial substrata (clay tiles) 
into the littoral each month. 
2) To detect any differences in the assembly of communities on surfaces 
dependent upon the time of year they became available. 
3) To follow the time course of community development over different 
periods between late winter and late autumn in a single year. 
4) To detect any spatial differences in colonization in different patch 
types along the shore. 
5) To use this information to interpret the patterns revealed on natural 
stones (Chapters 3 and 4). 
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5.2 Methods 
Experiments were conducted using plain, unglazed, quarry tiles (15 x 
15 x 1.2 cm). These provided a standard surface for colonisation, with 
little variation in surface texture, shape or mineral content, and 
therefore allow greater sampling precision. It was also easier to take 
sub-samples accurately, as tiles have no surface indentations that 
might make it difficult to remove animals or algae. Artificial substrata 
have been used widely in freshwater and marine benthic studies to 
control for variations in natural surfaces (e. g. Dean & Hurd 1980, 
Feminella et al. 1989, Karouna & Fuller 1992). In a study of the 
comparability of introduced tiles and natural substrata for sampling of 
lotic benthic organisms, Lamberti & Resh (1985) found that tiles 
accurately represented bacterial density, chlorophyll a, 
macroinvertebrate density and species composition of natural rocks 
within 28 days of introduction, and total organic biomass within 63 
days of introduction. Tiles reduced sampling variability when 
compared with natural rocks and reduced sampling effort and cost, 
while minimising habitat disruption. Similarly, Tuchman & Stevenson 
(1979) compared diatom communities on clay tiles, sterilised rocks and 
natural rocks. They found that the clay tiles provided the least variable 
results, due to their uniform shape and size, but diatom communities 
on both types of artificial substratum differed from natural rocks over 
the course of the experiment, due mainly to the communities on 
natural rocks being older. Cattaneo & Amireault (1992), in a literature 
survey, found that use of artificial substrata generally underestimated 
the quantity of algal epilithon. This was attributed to the artificial 
substrata being sampled before a natural algal community could 
develop, and to the lack of small-scale physical complexity important 
for the growth of some algal species. Clay tiles are thus suitable for 
benthic sampling, providing that adequate time is given for them to 
colonise and allowances are made for the lack of variation in shape and 
texture, which may make them less favoured by benthic organisms. 
The survey of 1993/94 revealed strong differences between 'patches' 
along the shore relating to shade from riparian trees, Stones from 
shaded patches, for example, had far less Cladophora cover than 
stones from open patches (Fig. 3.16). It was desirable to include this 
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spatial variation in the colonization experiment, so that interactions 
between space and time in community development could be assessed. 
'Shaded' patch types from the survey, therefore, were again used in the 
experiment. 'Open' patch types used in the survey, exposed to full 
sunlight, were all in the proximity of trees (<15m away). These open 
patch types near trees seemed to behave differently from similarly 
open patches of lake shore further away from trees (>15m) and the 
proximity of trees was clearly shown to play a role in the distribution of 
epilithic invertebrates (Chapter 3). Open patch types in the 
colonization experiment, therefore, were divided into two further 
categories, i. e. 'near trees' and 'away from trees'. Two replicate patches 
of each type were chosen (the degree of replication being limited by the 
availability of suitable sites along the shore). The overall spatial design 
of the colonization experiment, therefore, included patch types 'shaded' 
(n=3), 'open near trees' (n=2), open away from trees' (n=2). Fig. 3.1 
shows the position of these replicate patch types, used in the 
colonization experiment, along the shore, together with those patch 
types used in the 1993/94 survey. Again statistical analyses were 
performed with these spatial patch types replicates. 
The schedule for setting out and sampling of tiles was as follows (Fig. 
5.1): 
1) 'Monthly' tiles. Three tiles were set out at random, in each patch 
type replicate in the middle of each month beginning in February 1994. 
These tiles were all sampled in the middle of the following month. This 
procedure was repeated for all months to October 1994, giving a series 
of tiles all colonized over a month. 
2) 'May' tiles. Three tiles were set out at random, in each patch type 
replicate in February, March and April. Tiles from all three months 
were then sampled in May. 
3) 'August' tiles. Three tiles were set out at random, in each patch type 
replicate in February, March, April, May, June and July. Tiles from all 
six months were then sampled in August. 
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4) 'November' tiles. Three tiles were set out at random, in each patch 
type replicate in February, March, April, May, June, July, August, 
September and October. Tiles from all nine months were then sampled 
in November. 
In this manner, it was possible to assess i) the month-to-month 
colonisation dynamics of organisms ii) the effect of timing of onset of 
colonization on subsequent community composition (i. e. differences 
induced by introducing tiles in different months) and iii) the 
development of communities over time (comparing tiles sampled on the 
different occasions) and iv) spatial differences in colonization dynamics 
among patch types. 
Tiles were sampled in the same manner as natural stones in the 
previous chapter. All organisms were removed from part of the surface 
of the tiles and added to plastic 30 ml polypropylene bottles. The part 
of the tile from where the organisms were removed was traced on an 
acetate sheet. These areas of acetate were then cut out and weighed to 
find the area sampled. All invertebrates were identified to species (or 
genus) and instar. Algae were quantified as chlorophyll a biomass by 
spectrophotometric measurement (see Chapter 3). In August, the algae 
were separated into either Cladophora or non-Cladophora, by sieving 
with a 50 pm mesh. Large Cladophora filaments were trapped in the 
mesh, while smaller algae, including Cladophora epiphytes, were 
washed through the mesh with a jet of water from a wash bottle. This 
procedure was reasonably effective, although some non-Cladophora 
algae, mainly tightly-adhering epiphytes, inevitably remained in the 
Cladophora fraction. 
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5.3 Results 
5.3.1 Differences in primary production between tiles 
sampled monthly, in May, August and November. 
a) Monthly tiles 
Algal accrual on tiles over a single month is a measure of productivity, 
because algae are not senescent, nor is there time for retreat-dwelling 
grazers to have much impact. On the monthly tiles, there was very 
high biomass accrual in late winter/early spring, declining to extremely 
low values in mid-summer, before a modest recovery in 
August/September (Fig. 5.2). A two-way ANOVA (Table 5.1) indicated 
a highly significant effect of month, but no difference in biomass among 
patch types (Shaded, Open near trees and Open away from trees). 
b) May tiles 
There was again no significant difference in biomass accrual between 
tiles from the three patch types (Table 5.1). Neither were there any 
significant differences in the biomass accrued on tiles introduced in 
February, March or April (Fig. 5.2; Table 5.1) 
c) August tiles 
There was a significant difference in the abundance of algae on tiles 
from the three patch types (Table 5.1). Post-hoc Bonferroni tests of 
differences between pairs of individual patch types, following the 
ANOVA, showed that there was significantly more algae on the tiles in 
the open areas away from trees, than the other two areas and that 
there was a significantly greater biomass of algae in the open areas 
near trees, than shaded areas (P<0.05). For these August tiles, an 
attempt was made to distinguish the biomass due to Cladophora from 
other algae. This showed that the total algal biomass on 'open away 
from trees' tiles was approximately equally made up of Cladophora and 
other algae (Fig. 5.3). Algae in the shaded patch types were dominated 
by low-growing adnate forms, with little filamentous or loosely 
attached algae present. Open patch types near trees possessed both 
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Fig. 5.2. A1gal biomass (as chlorophyll a) in the three habitat patch types on tiles sampled i) every 
month following introduction ii) in May iii) in August iv) in November. Mean ±1S. D. 
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Table 5.1: Results of a two-way ANOVA on algal biomass (log-transformed) on 
tiles with Patch type' (shaded areas, open area near trees and open areas away 
from trees) and 'Month' (when tile was introduced) as main factors, for tiles 
sampled at each sampling period - i) one month after introduction ii) May, iii) 
August and iv) November. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.01 
Sampling period Factor DF F-Ratio P 
One-month Patch type 2,36 2.131 0.134 
Month 8,36 86.755 <0.001*** 
Patch type x 16,36 1.846 0.064 
month 
May Patch type 2,12 2.902 0.0941 
Month 2,12 0.430 0.660 
Patch type x 4,12 0.798 0.549 
month 
August Patch type 2,24 186.938 <0.001*** 
Month 5,24 31.117 <0.001*** 
Patch type x 10,24 8.761 <0.001*** 
month 
November Patch type 2,27 0.727 0.493 
Month 8,27 3.145 0.012* 
Patch type x 16,27 0.833 0.642 
month 
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types of algal growth. The strong differences in algal biomass between 
the three habitat patch types was thus largely due to the differences in 
both Cladophora density and that of other, loose algae, associated with 
the Cladophora 'mat'. 
The month in which tiles were introduced was also a significant factor 
in the ANOVA for the August tiles (Table 5.1). In shaded and open 
near trees patch types, it appeared that there was more Cladophora on 
tiles introduced in April (Fig. 5.3). A 2-way ANOVA was performed 
separately on the Cladophora data from these two patch types with, 
again, month of tile introduction and patch type as main factors. Open 
patch types had a significantly greater biomass (P<0.05) of Cladophora 
than shaded patch types, and month when tile was introduced was also 
significant (P<0.05). A Post-hoc test showed that there was overall a 
significantly greater biomass of Cladophora on tiles introduced in 
April, compared to tiles introduced in February, March, June and July 
(P<0.05) and, less significantly, May (P<0.1). 
d) November tiles 
All three patch types had a similar biomass of algae, in November (Fig. 
5.2), in contrast to the data from August-removed tiles. Differences 
between tiles introduced in different months were also much reduced 
compared to the August tiles, but there was still a significant overall 
difference between months (Table 5.1). A post-hoc test showed that 
there were no significant differences between particular pairs of 
months. 
e) Temporal dynamics of algal biomass 
There was very different algal biomass on tiles introduced at the same 
time but sampled after different periods (Fig. 5.2). For instance, twelve 
tiles were introduced into each replicate patch type in February. Three 
tiles were sampled one month later in March, at which point we can 
expect the remaining tiles to have had a similar mean algal biomass as 
those sampled. These nine tiles remained in the lake until May, when 
three more were sampled, leaving six. These six were sampled either in 
August (three) or November (three). 
196 
The effects of 'patch type' (shade, open near trees, open away from 
trees) and 'period' (month when the tiles were sampled) on the algal 
biomass were tested with a two-way ANOVA on log-transformed data 
(Table 5.2). Data were analysed separately for tiles introduced in each 
of the months February - September and the number of levels in the 
variable 'period' thus varied as follows. Tiles introduced in February 
and March were sampled either one month later, in May, in August 
and in November (four levels). Tiles introduced in April, May and June 
were sampled either one month later, in August and in November 
(three levels). Tiles introduced in July, August and September were 
sampled one month later and in November (two levels). 
The changes in algal biomass between the different sampling periods 
and across the three habitat patch types are shown in Fig. 5.4. The top 
panels show the density of algae on monthly tiles. The lower panels 
show the changes that had occurred in algal biomass between 
subsequent sampling occasions. For example, the algal biomass on tiles 
introduced in February in the shaded patch types declined greatly 
between March and May, a further, smaller, decline between May and 
August and a small rise in biomass between August and November. 
Overall, the results show that tiles introduced in late winter and 
spring developed a high biomass of algae within a month, but that this 
biomass did not remain i. e. there was a net loss of algae between the 
end of the first month after introduction and May and a further loss 
between May and August. Tiles introduced from June onwards in all 
three patch types accrue algae from one month after introduction until 
November. 
There were significant effects of 'patch type' for tiles introduced 
between February and June (Table 5.2). The interaction term between 
period and patch type was also significant for February, March, May 
and June, indicating that the affect of patch type was not consistent 
between sampling occasions. A post-hoc test on differences between 
individual patch types for tiles introduced in February, March and 
April (following the ANOVAs shown in Table 5.2) showed significantly 
more algal biomass (P<0.05) remained on tiles in summer in open 
areas away from trees, than shaded areas. This reflected the high 
density of Cladophora and associated algae on tiles in this habitat 
patch type in August. There was no effect of patch type on tiles 
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Table 5.2: Results of two-way ANOVA on algal biomass (log-transformed) on tiles introduced 
into the littoral each month, from February to November with Period' (subsequent sampling 
occasions) and Patch type' (shaded areas, open areas near trees and open areas away from trees) 
as main factors. Tiles were sampled i) one month after introduction (all tiles) ii) in May (for tiles 
introduced before May) iii) in August (for tiles introduced before August) and iv) in November (all 
tiles). 
***=P<0.001 *S= P<0.01 *=P<0.05 t=P<0.1 
Month Factor DF F-Ratio P 
February Period 3,15 192.122 <0.001*** 
Patch type 2,15 10.674 0.001** 
Period x Patch 6,15 9.392 <0.001*** 
type 
Mar Period 3,15 71.408 <0.001*** 
Patch type 2,15 27.259 <0.001*** 
Period x Patch 6,15 8.993 <0.001*** 
type 
April Period 2,11 12.238 0.002** 
Patch type 2,11 4.215 0.044* 
Period x Patch 
type 
4,11 1.982 0.167 
May Period 2,11 10.363 0.003** 
Patch type 2,11 3.099 0.086f 
Period x Patch 4,11 6.989 0.005** 
type 
June Period 2,11 56.740 <0.001*** 
Patch type 2,11 8.924 0.005** 
Period x Patch 
type 
4,11 9.161 0.002** 
July Period 1,7 207.765 <0.001*** 
Patch type 2,7 0.238 0.794 
Period x Patch 2,7 0.992 0.418 
e 
August Period 1,7 14.146 0.007** 
Patch type 2,7 0.692 0.532 
Period x Patch 
type 
2,7 2.372 0.164 
September Period 1,7 0.012 0.917 
Patch type 2,7 0.832 0.474 
Period x Patch 
, 
type 
2,7 0.422 0.671 
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introduced in July onwards, indicating that patch type does not 
influence algal biomass in autumn. There was no difference in algal 
biomass on tiles introduced in September and sampled in either 
October (one month later) or in November, indicating that algal growth 
slowed considerably in late autumn. 
5.3.2. Differences in Tinodes biomass between tiles sampled 
monthly, in May, August and November 
a) Monthly tiles 
Tinodes larvae colonized tiles mainly in June and in shaded patch 
types, or, to a lesser extent, in open patch types near trees (Fig. 5.5). 
This coincided with the emergence of the first generation of larvae, 
their rapid growth and colonization of new substrata (described in 
detail in Chapter 4). There was a lesser peak in August/September, 
coinciding with the emergence of the second generation. A two-way 
ANOVA showed that there was a highly significant difference in 
biomass between months and that patch type had a significant effect 
(Table 5.3). 
b) May tiles 
Larval biomass on tiles sampled in May was low and neither patch 
type nor month of introduction was significant (Fig. 5.5; Table 5.3). 
c) August tiles 
In contrast to tiles sampled in May, those sampled in August had a 
much greater biomass, with strong significant differences between 
months and habitat patch type (Fig. 5.5; Table 5.3). Tiles introduced in 
June and July show a lower biomass than tiles introduced earlier, 
suggesting that time available for colonization was important. A post- 
hoc test on differences between individual patch types showed that 
there was a significantly lower larval biomass (P<0.05) on tiles in the 
open patch types away from trees than either shaded patch types or 
open patch types near trees, reflecting the relationship between 
Tinodes larvae and trees demonstrated in Chapter 4. There was no 
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Fig. 5.5. Biomass of Tinodes larvae in the three habitat patch types on tiles sampled i) every 
month following introduction ii) in May iii) in August iv) in November. Mean ±1S. D. 
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Table 5.3: Results of a two-way ANOVA on Tinodes biomass (log-transformed) 
on tiles with Patch type' (shaded areas, open area near trees and open areas 
away from trees) and 'Month' (when tile was introduced) as main factors, for 
tiles sampled at each sampling period - i) one month after introduction ii) May, 
iii) August and iv) November. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.01 
Sampling period Factor DF F-Ratio P 
One-month Patch type 2,36 4.896 0.013* 
Month 8,36 11.179 <0.001*** 
Patch type x 16,36 3.764 <0.001*** 
month 
May Patch type 2,12 1.137 0.353 
Month 2,12 2.189 0.155 
Patch type x 4,12 0.447 0.773 
month 
August Patch type 2,24 17.105 <0.001*** 
Month 5,24 5.739 0.001** 
Patch type x 10,24 1.836 0.108 
month 
November Patch type 2,27 30.960 <0.001*** 
Month 8,27 8.248 <0.001*** 
Patch type x 16,27 2.280 0.029* 
month 
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significant difference between biomass on tiles in open areas near trees 
and shaded areas. 
d) November tiles 
Tiles sampled in November showed a similar pattern to those sampled 
in August, with strongly significant differences between the habitat 
patch types and between months (Fig. 5.5; Table 5.3). As with August 
tiles, a post-hoc test showed that there was a significantly lower 
biomass (P<0.05) on tiles in areas away from trees, than areas near or 
under trees. There was a low biomass on tiles introduced in August, 
September and October, again suggesting that time available for 
colonization was important. 
e) Temporal dynamics of Tinodes biomass 
As with the algal biomass on tiles, it is clear that tiles introduced 
during the earlier months exhibited changing larval biomass, 
depending on subsequent sampling date. Results of analysis of the data 
are shown in Table 5.4. The effects of 'patch type' and 'period' on larval 
biomass, for tiles introduced each month, were tested with a two-way 
ANOVA (as for algal biomass in Table 5.2). There were significant 
differences between both patch type and period for tiles introduced 
between February and July. There was no effect of patch type or month 
on tiles introduced from August onwards, indicating that neither patch 
type nor timing of tile introduction influenced larval biomass in 
autumn, when there was very little colonization of new tiles. The 
interaction term between period and patch type was significant for 
April, May and July, indicating that the effect of patch type was not 
consistent between sampling occasions. 
The change in larval biomass between the different sampling periods, 
and across the three habitat patch types, is shown in Fig. 5.6. In 
contrast to algal biomass, Tinodes biomass shows accumulation on tiles 
over the four sampling periods, rather than loss. This accumulation of 
biomass largely took place in those patch types near, or under trees 
and most accrual occurred between May and August. Post-hoc tests of 
differences between individual patch types (following the ANOVAs in 
Table 5.4) showed that there was a significantly lower biomass accrual 
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(P<0.05) on tiles in open areas away from trees, than in either shaded 
areas or open areas near trees, for all months of tile introduction 
except August and September. 
5.3.3. Differences in Cricotopus biomass between tiles 
sampled monthly, in May, August and November 
a) Monthly tiles 
Colonization of tiles by Cricotopus larvae occurred in each month 
except September and October, although the peak was in May and 
June (Fig. 5.7) Overall, there was no significant difference in 
colonization between the three patch types (Table 5.5), although there 
were highly significant differences between months, showing the 
temporally patchy nature of Cricotopus colonization, and a strong 
patch type/ month interaction. 
b) May tiles 
As for Tinodes, Cricotopus larval biomass on tiles sampled in May was 
low and showed no significant difference between either patch type or 
month when tile was introduced (Fig. 5.7; Table 5.5). 
c) August tiles 
There was a highly significant effect of patch type on larval biomass on 
tiles sampled in August (Fig. 5.7; Table 5.5), with tiles in the open 
patch types near trees having a greater biomass on tiles than either of 
the other two patch types. A post-hoc test showed this difference to be 
significant (P<0.05). Month of introduction had no significant effect, 
although the interaction term between month and patch types was 
significant (Table 5.5). 
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Fig. 5.7. Biomass of Cricotopus larvae in the three habitat patch types on tiles sampled i) every 
month following introduction ii) in May iii) in August iv) in November. Mean ±1S. D. 
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Table 5.5: Results of a two-way ANOVA on Cricotopus biomass (log- 
transformed) on tiles with 'Patch type' (shaded areas, open area near trees and 
open areas away from trees) and 'Month' (when tile was introduced) as main 
factors, for tiles sampled at each sampling period - i) one month after 
introduction ii) May, iii) August and iv) November. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.01 
Sampling period Factor DF F-Ratio P 
One-month Patch type 2,36 0.777 0.467 
Month 8,36 34.574 <0.001*** 
Patch type x 16,36 3.888 <0.001*** 
month 
May Patch type 2,12 0.214 0.810 
Month 2,12 0.981 0.403 
Patch type x 4,12 0.184 0.942 
month 
August Patch type 2,24 29.046 <0.001*** 
Month 5,24 1.752 0.161 
Patch type x 10,24 4.229 0.002** 
month 
November Patch type 2727 2.602 0.093t 
Month 8,27 1.000 0.458 
Patch type x 16,27 0.808 0.666 
month 
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d) November tiles 
Cricotopus larvae were rare on tiles sampled in November, with no 
significant difference between month or habitat patch type (Fig. 5.7; 
Table 5.3). 
e) Temporal dynamics of Cricotopus biomass 
There were significant differences in larval biomass between the four 
sampling occasions ('period') for tiles introduced between February and 
August, except for those introduced in July (Table 5.4). There were also 
significant differences between the three patch types for February, 
March, May, July and August, although the significant interaction 
term in the ANOVA showed that the effect of patch type depended on 
the sampling occasion, for all these months except July (Table 5.4). 
These changes were due to a loss in larval biomass from tiles sampled 
the month following introduction and tiles sampled subsequently, 
almost throughout the course of the experiment (Fig. 5.8). This was 
particularly striking for tiles introduced in May and June, which 
accrued a high larval biomass after one month. This larval biomass did 
not persist through to August. Tiles only recently been introduced into 
the lake thus tended to have greater densities of Cricotopus larvae on 
them than tiles that had been in the lake for longer periods of time. 
5.3.4. Differences in Glyptotendipes biomass between tiles 
sampled monthly, in May, August and November 
a) Monthly tiles 
The major peaks in colonization of Glyptotendipes on tiles sampled the 
month following introduction occurred in April and May (Fig. 5.9). As 
with Tinodes and Cricotopus, there was highly variable temporal 
colonization of the new tiles by Glyptotendipes larvae, as is shown in 
the significant effect of month on biomass on these tiles (Table 5.6). 
There was no overall effect of patch type on larval biomass. 
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b) May tiles 
There was no significant effect of patch type or month of introduction 
on larval biomass on tiles sampled in May (Fig. 5.9; Table 5.6). 
c) August tiles 
There was a highly significant effect of both patch type and month on 
larval biomass on tiles sampled in August, with the open patch types 
away from trees having the greatest biomass (Fig. 5.9; Table 5.6). A 
post-hoc test showed that tiles in open areas away from trees had a 
significantly greater biomass, than the other two areas, and that tiles 
in open areas near trees had a significantly greater biomass than 
shaded areas. There was also a significant interaction term between 
patch type and month. 
d) November tiles 
Glyptotendipes larvae were not found on tiles sampled in November. 
e) Temporal dynamics of Glyptotendipes biomass 
There were significant differences in larval biomass between the four 
sampling occasions for tiles introduced in all months between February 
and July (Table 5.4). There were also significant differences between 
the three patch types for June and July. A post-hoc test on patch type 
for these two months showed that there was significantly (P<0.05) 
more biomass on tiles in open areas away from trees, than open area 
near trees and shaded areas. The interaction term between patch type 
and period in the ANOVA was significant for February, March, May, 
June and July, showing that the effect of patch type depended on the 
sampling occasion for tiles introduced in these months. 
These differences were due to a large gain in larval biomass on tiles in 
spring (i. e. by May) which was lost by August in both open areas near 
trees and shaded areas, whereas tiles in the open areas away from 
trees showed much less loss by August (and a modest gain for tiles 
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Fig. 5.9. Biomass of Glyptotendipes larvae in the three habitat patch types on tiles sampled i) 
every month following introduction ii) in May iii) in August iv) in November. Mean ±1S. D. 
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Table 5.6: Results of a two-way ANOVA on Glyptotendipes biomass (log- 
transformed) on tiles with 'Patch type' (shaded areas, open area near trees and 
open areas away from trees) and 'Month' (when tile was introduced) as main 
factors, for tiles sampled at each sampling period - i) one month after 
introduction ii) May, iii) August and iv) November. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.01 
Sampling period Factor DF F-Ratio P 
One-month Patch type 2,36 1.979 0.153 
Month 8,36 20.013 <0.001*** 
Patch type x 16,36 0.847 0.628 
month 
May Patch type 2,12 0.700 0.516 
Month 2,12 0.778 0.481 
Patch type x 4,12 0.573 0.688 
month 
August Patch type 2,24 148.992 <0.00P** 
Month 5,24 13.786 <0.001*** 
Patch type x 10,24 6.294 <0.001*** 
month 
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introduced in May or June) (Fig. 5.10). Tiles in all patch types retained 
few Glyptotendipes larvae by November. 
5.3.5. Differences in Microtendipes biomass between tiles 
sampled monthly, in May, August and November 
a) Monthly tiles 
Most colonization of tiles by Microtendipes occurred in April and May 
(Fig. 5.11). Again, month was highly significant in the ANOVA (Table 
5.7), while there was no significant effect of patch type on larval 
biomass on these tiles and no significant interaction term between 
patch type and month. 
b) May tiles 
There was a significant effect of patch type on larval biomass. A post- 
hoc test showed that tiles from shaded patch types had a significantly 
greater biomass of larvae than the other two patch types (Fig. 5.11; 
Table 5.7) (P<0.05). There was no significant difference due to month of 
introduction, however. 
c) August tiles 
The pattern of Microtendipes biomass on tiles sampled in August (Fig. 
5.11) showed a similar pattern to that of Glyptotendipes, with a greater 
biomass of larvae on tiles in the open patch types away from trees and 
an almost total absence from the shaded patch types (an opposite 
pattern to that seen in May). Accordingly, there was a very significant 
effect of patch type on the distribution of biomass (Table 5.7), while 
month of introduction had no significant effect. A post-hoc test showed 
that there was significantly (P<0.05) more biomass on tiles in open 
areas away from trees than either those in open areas near trees or in 
shaded areas . 
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Fig. 5.11. Biomass of Microtendipes larvae in the three habitat patch types on tiles sampled i) 
every month following introduction ii) in May iii) in August iv) in November. Mean ±1S. D. 
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Table 5.7: Results of a two-way ANOVA on Microtendipes biomass (log- 
transformed) on tiles with 'Patch type' (shaded areas, open area near trees and 
open areas away from trees) and 'Month' (when tile was introduced) as main 
factors, for tiles sampled at each sampling period - i) one month after 
introduction ii) May, iii) August and iv) November. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.01 
Sampling period Factor DF F-Ratio P 
One-month Patch type 2,36 0.807 0.454 
Month 8,36 13.555 <0.001*** 
Patch type x 16,36 0.673 0.800 
month 
May Patch type 2,12 6.800 0.011* 
Month 2,12 0.011 0.989 
Patch type x 4,12 0.041 0.996 
month 
August Patch type 2,24 26.009 <0.001*** 
Month 5,24 1.904 0.131 
Patch type x 10,24 1.729 0.131 
month 
November Patch type 2,27 8.019 0.002** 
Month 8,27 1.108 0.389 
Patch type x 16,27 1.089 0.410 
month 
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d) November tiles 
Unlike Glyptotendipes, Microtendipes did remain on tiles in the open 
patch types away from trees in November (Fig. 5.11). There was some 
colonization (although low) of new tiles introduced every month in 
July, August and September, but only those tiles that had already 
acquired a large biomass in August (i. e. ones that had been introduced 
from February to June) still retained the larvae in November (Fig. 
5.11). The pattern of larval biomass on tiles sampled in November was 
thus similar to that on August tiles, with a significant effect of patch 
type but no effect of month of introduction (Table 5.7). A post-hoc test 
showed that tiles in open areas away from trees had a significantly 
greater biomass than the other two areas (P<0.05). 
e) Temporal dynamics of Microtendipes biomass 
There were significant differences in larval biomass between the four 
sampling occasions for tiles introduced in February and July only 
(Table 5.4). There were significant differences between the three patch 
types for tiles introduced in June only, although there were weakly 
significant effects for tiles introduced in February, March and April 
also. A post-hoc test on patch type for tiles introduced in June showed 
that open areas away from trees had significantly greater biomass, 
than the other two areas. Compared to Glyptotendipes and Cricotopus, 
more Microtendipes larvae remained on tiles. The significant 
interaction term between patch type and period for February, March 
and April demonstrated the changing effect of patch type over the 
months . 
Fig. 5.12 shows these changes across the three patch types. Larval 
biomass gained in May was largely in the shaded patch types, which is 
consistent with the results of the 1993/94 survey which showed greater 
colonization of natural stones by Microtendipes larvae in shaded areas 
in May (Chapter 4). This biomass did not persist through to August in 
the shaded and open patch types near trees, while there was been a 
strong gain in biomass in the open patch types away from trees. 
Persistence through to November was also greatest in the open patch 
types away from trees (Fig. 5.12). 
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5.3.6. Differences in Endochironomus biomass between tiles 
sampled monthly, in May, August and November 
a) Monthly tiles 
The colonization of Endochironomus on tiles each month was very 
variable, both spatially and temporally, with highly significant 
differences between months and between habitat patch types (Fig. 
5.13; Table 5.8). There was a clear peak in colonization in May, which 
took place largely in the shaded patch types. A post-hoc test showed 
that there was a significantly greater biomass overall in the shaded 
areas then the open areas away from trees (P<0.05) and a weakly 
significant difference between shaded and open areas near trees 
(P<0.1). The strongly significant interaction term indicated that the 
effect of patch type was not consistent for each month when tiles were 
introduced. 
b) May tiles 
Tiles sampled in May showed that patch type exerted a significant 
effect on the biomass (Fig. 5.13; Table 5.8), with tiles in shaded patch 
types having a greater biomass than tiles in the open habitat patch 
types. A post-hoc test showed the differences to be significant (P<0.05). 
This pattern was qualitatively similar to that observed with 
Microtendipes. There was no significant difference between months 
when tiles were introduced. 
c) August tiles 
The distribution of Endochironomus on tiles sampled in August 
showed a qualitatively similar pattern to that of Cricotopus. In 
contrast to the distribution in May, there was a very low biomass on 
tiles in the shaded patch types and there was greatest biomass in the 
open patch types near trees (Fig. 5.13; Table 5.8). A post-hoc test 
showed that tiles in open areas near trees had a significantly greater 
biomass than tiles in shaded areas (P<0.05). There was no significant 
effect of the month when tiles were introduced. 
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Fig. 5.13. Biomass of Endochironomus larvae in the three habitat patch types on tiles sampled 
i) every month following introduction ii) in May iii) in August iv) in November. Mean ±1S. D. 
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Table 5.8: Results of a two-way ANOVA on Endochironomus biomass (log- 
transformed) on tiles with 'Patch type' (shaded areas, open area near trees and 
open areas away from trees) and 'Month' (when tile was introduced) as main 
factors, for tiles sampled at each sampling period - i) one month after 
introduction ii) May, iii) August and iv) November. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.01 
Sampling period Factor DF F-Ratio P 
One-month Patch type 2,36 55.107 <0.001*** 
Month 8,36 336.504 <0.001*** 
Patch type x 16,36 61.620 <0.001*** 
month 
May Patch type 2,12 5.365 0.022* 
Month 2,12 0.474 0.634 
Patch type x 4,12 0.835 0.528 
month 
August Patch type 2,24 6.790 0.005** 
Month 5,24 0.726 0.611 
Patch type x 10,24 0.570 0.822 
month 
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d) November tiles 
As for Glyptotendipes larvae, there were no Endochironomus larvae on 
tiles sampled in November. 
e) Temporal dynamics of Endochironomus larvae 
There were significant differences in larval biomass between the four 
sampling occasions for tiles introduced in February, March, April, May, 
August and September (Table 5.4). There were significant differences 
between the three patch types for May only. A post-hoc test on patch 
type for tiles introduced in May showed that each patch type was 
significantly different from each other (P<0.05), largely reflecting the 
different initial colonization of tiles in the three patch types. From Fig 
5.14, it can be seen that Endochironomus did not remain on tiles 
beyond August and that the loss of larvae occured largely between May 
and August. 
5.3.7 Relationship between invertebrates and algal biomass. 
The biomass of algae accumulated on tiles sampled in May, August and 
November has been displayed alongside the biomass of the 
invertebrates in Figs. 5.15,5.16 and 5.17, respectively. In each case, 
data from tiles placed in the lake in each month from February 
onwards are shown. In May, there was little evidence of any clear 
relationship between any of the animals or between animals and algae. 
The distribution of invertebrates and algal biomass in August, 
however, shows compelling circumstantial evidence of interactions 
between invertebrates and algae (Fig. 5.16). Algae (mainly Cladophora 
and other loose algae associated with the Cladophora mat) were more 
abundant on tiles in open areas away from trees, than in either open 
areas near trees or shaded areas. This strong difference was not 
attributable to light conditions, as open areas near trees or away from 
trees received similar light. Invertebrates were distributed across the 
three patch types in three ways. Tinodes larvae were abundant on tiles 
in areas under or near to trees - the opposite of algal abundance. Both 
223 
C ý+ 
Co 
CL 
> 
OZ 
mb 
= 41 
r. d 
WO 
:Z -0 
N2 
OF 
OO 
Vm 
93 Z: -0 
o cv 
mb 
CIJ 
cil -0 
A n) 
W r. 
M C) 
E3 
a 
tom. 0 
-ao ýo 
00 
OM 
ca m 
r:: ä 
O 
r -- 0 
;9 
ýo 
rm 
tq v 
a> 
boo 
ýz -9 
oo a) 
0 
0 
a O 
a) 
aý 
d 
O 
8 
d 
.G 
o 
z 
b 
b (0 4) 
(0 cu 
IdeS 4) 0 cil 
any 
4) 4 
4] . Lý . G Line d d aý ec oo no 
ýflt U U U 
IPdy 
4°3 
-mma ry o ry v0 ro . Q- 
ddd0000 
wo 
ides b 
U 
b 
1udy 
O 
WN :5 
cpa 
Vo 
odes 
snv 
sror 
otmf 
Aww 
Judy 
JTK 
Pd 
(z. m 2w) ssewoiq lenae7 (3. MD 2w) ssetuocq uc a8us1q3 
224 
mme ry o 
0000 
- aD mVNO 
00Ö0 
.9 02 
Fig. 5.15. Algal and larval biomass on tiles, introduced in either 
February, March or April and sampled in May. Mean ±1S. D. 
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Fig. 5.16. Algal and larval biomass on tiles introduced in Feb, Mar, April, 
May, June and July; sampled in August. Mean ±1S. D. 
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Fig. 5.17. Algal and larval biomass on tiles introduced in Feb, Mar, April, May, June, 
July, Aug, Sept and Oct; sampled in November. Mean ±1S. D. 
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Glyptotendipes and Microtendipes were rare in these two areas and 
were much more abundant on tiles in the open areas away from trees - 
the opposite of Tinodes, but showing a very similar distribution to that 
of algal biomass. Cricotopus and Endochironomus were rare on tiles 
during August. Both species were more abundant on tiles in open areas 
near trees. In contrast to tiles sampled in May, there was a very low 
biomass of chironomids and algae on tiles in shaded areas in August. 
By November, very little Cladophora had persisted on tiles. The algae 
present on tiles was largely blue/green filamentous algae 
(Lyngbya/Oscillatoria/Phormidium spp. ). There was no significant 
difference between patch types, in strong contrast to tiles sampled in 
August. The distribution of Tinodes biomass on tiles, however, was 
very similar to that on tiles sampled in August, with a lower 
abundance on tiles in open areas away from trees. Cricotopus was very 
rare on tiles in November, with little difference across patch types. 
Microtendipes showed a very similar distribution on tiles in November 
to that in August, with a greater abundance on tiles in open areas 
away from trees, although the variation between individual tiles 
introduced in the same month was very high. 
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5.4 Discussion 
Trophic control of primary production - the influence of 
seasonal and spatial scale. 
Interactions between algae, grazers and nutrients may be dominated 
by either top-down processes, where grazers strongly limit the biomass 
of algae in an ecosystem, or may be dominated by bottom-up processes, 
where nutrients or light limit the production and biomass of algae 
(McQueen et al. 1986, Power 1992, Hunter & Price 1992). Interactions 
between invertebrates may be direct, via such mechanisms as 
competition or predation, or may be indirect, for example the effect of 
one organism on the habitat of another (Miller & Kerfoot 1987, Jones 
et al. 1994). 
The colonization of tiles removed after a month's exposure in the lake 
reflects basic algal productivity between February and October, plus 
the mobility of colonizing epilithic invertebrates over the same period. 
There was no difference in the monthly algal biomass on tiles from the 
three patch types, suggesting that factors differing between the patch 
types (i. e. shade from riparian trees and the supply of epilithic 
invertebrates) did not affect algal productivity, nor did they account for 
the seasonal cycle of epilithic algal productivity. Algal productivity in 
all three patch types was high in February and declined to a minimum 
in July before recovering to a second, though lower, peak in autumn 
(Fig. 5.18). Monthly colonization by invertebrates reached a peak in 
May (shaded areas) and had declined to a very low level in July, 
coinciding with the algal minimum. Grazing by invertebrates on 
monthly tiles in July could not have caused the algal minimum. This 
summer algal minimum, very similar to that seen on natural stones 
during the 1993/94 survey (Chapter 3), was thus probably due to lake- 
wide, rather than local, processes. The most likely lake-wide factor 
driving seasonality in epilithic algal productivity was the supply of one 
or more limiting nutrients during summer stratification, as discussed 
in Chapter 3. Lake-wide, top-down control of basic algal productivity 
may thus set an overall limit to the small-scale spatial patchiness 
observed in the littoral. These small scale processes revolve around a 
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Fig. 5.18. Total invertebrate and log-transformed algal biomass 
on monthly tiles for each patch type. 
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subtle complex of direct and indirect interactions between algae, 
grazers and riparian trees (under which adults of several species 
oviposit). 
Algal biomass accumulated within a month on tiles introduced in 
February and March had declined by May. Possible causes of this 
decline are i) grazing by invertebrates, or ii) senescence and death of 
algae because environmental conditions become unsuitable or because 
they are sloughed off by disturbance, from whatever cause. There was 
a further decline in algal biomass from May to August, on tiles that 
had been introduced in spring. In contrast to tiles sampled in May and 
November, there were strong differences between the three patch 
types, with the open areas away from trees developing a high biomass 
of Cladophora, and associated loose microalgae and epiphytes. The 
other two patch types had a much lower algal biomass - largely low- 
growing adnate forms - together with varying abundances of sparse 
Cladophora filaments. Since nutrient concentrations were the same for 
all patch types, nutrient supply cannot be the cause of the high 
Cladophora growth in the open areas away from trees. Equally, the 
light in the open areas near trees was similar to that in the open areas 
away from trees. This strong local-scale patchiness in summer algal 
abundance was also seen on natural stones (see Chapter 3), with 
stones in open and deep patch types developing a high abundance of 
Cladophora, in contrast to that on shallow, shaded stones. These 
differences in algal abundance, as for those on tiles, also did not appear 
to be directly related to light. Bottom-up forces, therefore, do not 
appear to be responsible for the differences in Cladophora abundance 
between patch types along the shore. What other (top-down) factors 
could produce this local spatial patchiness of algae on tiles and stones 
in summer? 
There were three distinct patterns of invertebrate distribution with 
respect to the three patch types, on tiles sampled in August (Fig. 5.16). 
The first is exemplified by Tinodes, that colonised tiles slowly on tiles 
near to or under trees and persisted throughout summer and autumn. 
The second pattern was that of Cricotopus and Endochironomus , 
which were both abundant on tiles introduced in spring, but did not 
remain to any great extent in any of the patch types. The third pattern, 
that of Glyptotendipes and Microtendipes, showed high abundances on 
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all tiles introduced in spring (especially those in shaded areas) with 
subsequent persistence largely in open areas away from trees. 
The strong spatial patchiness of Cladophora abundance in summer, is 
unlikely to be caused by chironomids. Cricotopus and Endochironomus 
were both rare on tiles from all three patch types in August, and the 
distribution of Glyptotendipes and Microtendipes was very similar to 
that of Cladophora, suggesting a positive relationship between 
chironomids and alga. Cladophora was only abundant where Tnodes 
was rare, strongly suggesting that Tinodes larvae directly controlled 
the abundance of Cladophora on tiles. Neither group of chironomids 
persisted on tiles which developed a high biomass of Tnodes. It is thus 
possible that Tnodes is competitively superior to chironomids and can 
exclude them directly by interference or exploitation, or indirectly by 
altering the nature of the habitat (particularly by reducing the 
abundance of Cladophora). In this respect, the tiles in shaded areas 
were similar to natural stones in shaded areas, surveyed the previous 
year, which were dominated by modes larvae and had a very low 
abundance of chironomids (Chapters 3& 4). Although the overall lake- 
wide seasonal algal biomass in the littoral of Crosemere is constrained 
by bottom-up processes, top-down control of Cladophora by Ti nodes 
larvae in summer can therefore create distinct local-scale patchiness in 
the epilithic community. 
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Assembly of the epilithic community 
There were clear temporal patterns on tiles remaining in the lake over 
long periods of time and these patterns were explicitly studied in the 
experiment by removing samples of tiles over different months. There 
is a great deal of ecological theory which addresses temporal patterns 
in the community assemblage developing over time at a particular 
place. For example, Connell & Slatyer (1977) identified four basic 
groups of mechanisms which operate during the assembly of a 
biological community, such as that which takes place during the 
colonization of tiles (taking the collection of epilithic organisms to be a 
'community'). They are: 
1) Facilitation. Species occurring early in succession modify the 
habitat, making it less suitable for themselves and more suitable for 
later colonists. 
2) Inhibition. A species that colonizes a site first, either through 
superior dispersal ability, or through chance, is able to avoid 
competitive displacement by repelling subsequent invaders of its own 
and other species. 
3) Tolerance. Slower growing, more tolerant (competitively superior) 
plant species invade and mature in the presence of earlier, faster 
growing, but less tolerant species and eventually exclude them. 
4) Random colonization. The succession of species in a habitat does not 
follow any particular process and depends on the random arrival and 
subsequent growth of different species in a habitat. 
These mechanisms can occur singly or together in a particular habitat. 
Species co-existence within a habitat, other than one where random 
colonization is the dominant mechanism of community assembly, will 
depend on a trade-off between competition, colonization ability and 
longevity - the spatial competition hypothesis (Tilman 1994). In 
communities with species of roughly similar competitive ability, co- 
existence will be facilitated both by'priority effects', where species can 
establish in newly-available habitats and repel subsequent invaders 
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(Hanski 1983, Alford & Wilbur 1985, Robinson & Dickerson 1987, 
Shorrocks & Bingley 1994) and by the presence of competing 
metapopulations, where habitat patches within a habitat 'landscape' 
may be dominated by different species (Bengtsson 1991). Priority 
effects cannot operate, however, if competitive differences are 
sufficiently different or the habitat is sufficiently uniform, such that 
one species can always eventually exclude the other (Slatkin 1974). In 
the inhibition model of community assembly, priority effects on new 
habitats would thus facilitate species co-existence with habitat patches 
being occupied, or dominated, by one species only. 
Where competitive differences are great, or in communities with strong 
plant-grazer interactions, community assembly will tend to be 
dominated by either facilitation or tolerance mechanisms. Species co- 
existence is facilitated by the presence of refugia where less 
competitive species can persist in the presence of strong competitors. 
In the facilitation model, less competitive species need a constant 
provision of new habitats, which they then affect in such a way as to 
render it unsuitable for continued existence. In the tolerance model, 
where strong competitors/grazers displace less competitive or more 
vulnerable species, the latter need temporal or spatial refugia for 
continued existence. Probability refugia exist where resources or 
habitat patches, such as dung, carrion or fallen fruit, become available 
in a random, unpredictable manner, such that there will always be 
some patches occupied by less competitive species on their own, thus 
avoiding displacement by the superior competitor (Shorrocks & 
Rosewell 1987, Hanski 1987). Disturbance within a habitat landscape 
may also provide refugia by providing a constant source of new 
habitats for colonization by less competitive species (McAuliffe 1984a, 
Hanski 1987, Townsend 1989). These mechanisms may be of particular 
importance in streams (Hildrew 1996). Plants may escape consumption 
by grazers, within a habitat landscape, by succeeding in establishing in 
habitats where the consumers are temporarily absent (Lubchenko 
1983). This may occur during periods when the density, or activity, of 
grazers is temporarily low, relative to that of the plant species, or on 
new habitats, which the plant is able to colonize more quickly than the 
grazer. 
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In less disturbed, more uniform habitats, 'refugia' are less likely to 
become available as a result of physical disturbance. In these habitats, 
strong competitors/grazers may potentially exclude all other vulnerable 
plant and animal species. Superior dispersal abilities may allow these 
latter species to colonize areas that the more competitive/grazing 
species cannot reach or does so only slowly. This may be of particular 
importance if animals recruit as juveniles in certain patches, such as 
sites of adult oviposition, and subsequently disperse to other areas of 
the habitat. Which, if any, of these processes - facilitation, inhibition, 
tolerance or random -is the main form of community assembly for 
epilithic organisms in Crosemere? 
Ti nodes slowly colonized tiles with high abundances of chironomids in 
spring, especially those in shaded patch types. Modes subsequently 
persisted on these tiles, whereas chironomids did not. The assembly of 
the communities in these patch types thus appears to be governed by 
the 'tolerance' mechanism - where a slower growing, more tolerant and 
competitively dominant species (Tinodes) invades and matures in the 
presence of earlier, faster growing, but less competitive species 
(chironomids) and eventually excludes them. The same pattern may be 
true of the assembly of algal species. Cladophora filaments began to 
colonise as new propagules in spring, colonising both bare tiles and 
those with existing densities of other algae on them, and eventually 
come to dominate the algal community in those areas not dominated by 
Ti nodes. How do modes, chironomids and Cladophora co-exist within 
the 'regional' habitat of the lake littoral (that is, within the whole of 
the stony littoral, including those areas away from trees), given the 
competitive dominance and apparent grazing ability of Tinodes ? 
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Co-existence of epilithic species 
The difference between initial distributions (which depends on adult 
oviposition patterns) and mobility of species is likely to be very 
important in a lake littoral, with its relatively lower disturbance and 
constant re-distribution of invertebrates due to hydraulic forces. In 
addition to being strongly competitive, Tinodes is both a slow colonizer 
and recruits under, or near trees in May and June, as has been 
described in Chapter 4. These two latter aspects of its biology facilitate 
its co-existence with other species. 
1) Relative migration abilities of invertebrates 
Tinodes waeneri is reported to migrate actively from shallow areas to 
deeper areas to find new habitats in lake littorals as the larvae grow 
(Jones 1967). In Crosemere, Tinodes clearly disperses both vertically 
and laterally along the littoral (Chapter 4). Other studies have 
reported that Tinodes is rarely seen outside its galleries (Hasselrot 
1993, Becker 1993). I have seen Tinodes moving around outside their 
galleries during the daytime on only one occasion, when the presence of 
a large quantity of decaying Cladophora filaments may have reduced 
the oxygen content of the water. It is possible that Tandes disperses 
largely at night. Tinodes is unlikely to disperse large distances quickly, 
as caddis larvae are generally not active swimmers. Observations of 
larvae in the laboratory showed that larvae only ever crawled slowly 
along the bottom. It is likely, therefore, that Tinodes dispersal ability is 
limited and that the distribution of larvae in the littoral will be heavily 
influenced by sites of adult oviposition. 
Chironomids are able to swim through the water column, beating their 
bodies in a figure-of-eight fashion, and may disperse over considerable 
distances as a result, until suitable conditions are encountered, 
behaviour especially seen in the first instars (Armitage et al. 1995). 
This is clearly seen in the case of Microtendipes. Adults deposit the 
eggs at the water's edge near to or under trees (Chapter 4). The 
abundance of Microtendipes larvae was much greater in the shaded 
patch types on tiles sampled in May, when larvae were emerging from 
egg masses. Few larvae were seen on tiles in the open patch types 
236 
away from trees. On tiles sampled in August, however, there was a 
high abundance of larvae in the open areas away from the trees, 
indicating either a lateral dispersal, of second, third and fourth instars, 
along the shore of between 20-200m or a second recruitment of first 
instar larvae between May and August in open areas away from trees. 
Given the very low abundance of chironomid adults along the bank 
adjacent to the open areas away from trees (dominated by low, grazed 
grasses), described in Chapter 4, this seems unlikely. 
The very low abundance of Tnodes larvae in open patch types away 
from trees is likely, therefore, to be due to the limited dispersal ability 
of larvae. This allows the persistence of both Cladophora filaments and 
associated chironomids on tiles in these patch types, as chironomids 
probably have greater dispersal abilities than Tinodes. In this manner, 
the habitat patches that lie outside the summer dispersal distance of 
Tinodes larvae can act as spatial refugia for Cladophora filaments and, 
possibly both directly and indirectly, chironomid larvae. 
2) Timing of colonization of invertebrates and algae 
Vegetative Cladophora propagules may colonise tiles from the water 
column for much of the year. Cladophora propagates, in spring and 
summer, by producing either akinetes (thick-celled, food-rich 
vegetative cells) or motile vegetative zoospores (Dodds & Gudder 1992). 
Akinetes that develop in summer will remain dormant, either attached 
to filaments or as separate bodies, throughout the winter and 
germinate the following spring. Little is known about the phenology of 
Cladophora glomerata but, in a study of its ecology in farm ponds, new 
growth from germinating akinetes or zoospores was reported to begin 
in late spring (Mason 1965). Both increasing temperature and light 
may encourage Cladophora colonisation and growth (Whitton 1970). 
Akinete germination and zoospore release and germination generally 
follow the spring overturn and akinete germination may be prompted 
more by nutrients than by temperature (Mason 1965). Zoospore release 
may be more closely related to temperature, however. Mason reported 
that zoospore release was only seen during May and early June, when 
temperatures were between 11.5° and 19.6°C. Densities of both 
germinating akinetes and released zoospores were highest in May. 
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There was greater productivity of algae in early spring, compared to 
late spring/early summer (Fig. 5.2). Algae growing on tiles during the 
early spring were dominated by green filamentous forms, such as 
Stigeoclonium and, later, by Ulothrix.. Cladophora dominated in late 
spring/summer. In a study of the colonisation and growth of 
filamentous algae in Lake Michigan, Blum (1982) found that early 
spring blooms of algae were dominated by Ulothrix, whereas 
Cladophora grew from overwintering basal cells in late spring and 
summer, reaching a maximum in mid-summer. 
Cladophora, therefore, seems to begin new growth from propagules in 
late spring/early summer. Growth of new filaments from over- 
wintering basal bodies will begin earlier. Increased temperatures or 
nutrients may be responsible. In Crosemere, where nutrients are 
present in sufficient concentrations to induce a very high algal 
productivity in early spring, increasing temperature is likely to be the 
main factor inducing the colonisation and growth of Cladophora in 
late spring. Maximum temperatures of >10 ° C. were recorded from 
April onwards in the littoral of Crosemere, compared to May/June in 
the ponds studied by Mason (1965). Germination of akinetes and 
release of zoospores are thus likely to begin in April in Crosemere. 
Early instars of Tinodes, having hatched from newly-laid egg masses, 
began to colonise substrata from May/June onwards (Chapter 4). Tiles 
introduced in May, in areas with high egg mass density, may become 
colonised with first instars of Tinodes larvae. Tiles introduced earlier 
than this are colonized slowly by larger larvae that have overwintered. 
These larvae migrate onto new surfaces in search of suitable new 
habitats or resources, presumably because the areas where they built 
their previous galleries became unsuitable, either owing to competition 
from conspecifics, lack of food or possibly physical disturbance. Tiles 
introduced in winter or early spring will tend to gradually accumulate 
late instar Tinodes larvae. Tiles introduced in April will tend, 
therefore, to have lower densities of late instars on them than ones 
introduced earlier. When Cladophora propagules colonise in April/May, 
grazing pressure by 7inodes larvae will thus be lowest on the most 
recently-introduced tiles. Cladophora propagules may therefore escape 
7inodes grazing for a sufficiently long time to establish filaments on 
those tiles. 
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The results from this experiment are consistent with this postulated 
process (i. e. that there is a 'window' of opportunity for Cladophora). In 
areas where there was a high density of Tinodes larvae, there was a 
significantly higher density of Cladophora on tiles introduced in April 
compared to ones introduced earlier (February and March) or later 
(May, June or July). That this is due to the effect of Tnodes grazing is 
suggested by the similar abundance of Cladophora on tiles introduced 
in February, March, April or May in open areas away from trees, 
where Tinodes is rare. The lower abundance of Cladophora on tiles in 
shaded areas, than in open areas near trees may be due to two factors. 
i) There was faster growth of Cladophora in the more sunlit, open 
areas, or ii) there was a greater grazing effort of Tinodes in the shaded 
areas, as tiles in these areas would have been colonized by Tinodes 
earlier and in greater abundance. Both these factors may also have 
been responsible. 
It is possible that abundant non-Cladophora filamentous algae, such as 
Stigeoclonium or Ulothrix, having established on tiles introduced in 
February or Match, prevented the later establishment of Cladophora. 
If this was the case, tiles introduced in different months in areas of low 
Tnodes abundance would show a similar pattern of Cladophora 
abundance as those with high Tinodes abundance. The different 
pattern observed suggests that the higher abundance of Cladophora on 
tiles introduced in April in areas near to or under trees, is therefore 
not due to interactions between algal species. 
Temporal escape of algae from grazing (by reaching grazer-resistant 
stages while grazers are scarce) has been suggested for marine littoral 
algae (Lubchenko 1983). Algae were postulated to colonise newly- 
available space during periods of low herbivore density. Littoral 
marine communities of competing sessile species, such as mussels and 
barnacles, have been shown to differ according to when colonising 
substrata became available. In studies using artificial substrata to 
mimic the availability of new rock surface, Osman (1977) and Dean & 
Hurd (1980) showed that substratum history could affect community 
development by early arrivals preventing the establishment of later 
colonists. Early colonists were able to maintain this dominance for 
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extended periods of time, whereas substrata exposed at later times 
became dominated by the species excluded by the early colonists. 
In studies of other freshwater communities involving filamentous 
macro-algae and grazers, Cladophora has been hypothesised to escape 
from grazing during periods when herbivore densities are low. Young 
filaments are much more susceptible to grazing than older filaments 
and if these can grow to a 'threshold' size or length during periods of 
low grazing pressure, then the filaments may be able to persist, despite 
a relatively high abundance of grazers. Hart (1992) proposed this 
process to explain the persistence of Cladophora patches in the 
presence of the grazing sessile caddis larvae Leucotrichia and 
Psychomyia, both of which can prevent colonisation by Cladophora 
propagules. Similarly, Feminella & Resh (1991) hypothesised that 
Cladophora was able to escape in spring from grazing by the mobile 
caddis Gumaga nigricula, due to low larval abundances following 
winter floods or pupation. In a study of the spatial escape of 
Cladophora from grazing by Agapetus fuscipes, caused by the inability 
of Agapetus to eliminate Cladophora completely from rough surfaces, 
Dudley & D'Antonio (1991) hypothesised that disturbance may depress 
grazer density for a sufficient time for Cladophora to escape from 
grazing. 
This experiment on the colonization of artificial substrata has 
demonstrated that local disturbance of stones in April, mimicked by 
the introduction of new tiles into the littoral in April, can create 
'temporal refugia' allowing local co-existence of Cladophora and 
Tnodes. This is due to newly-introduced tiles having a temporarily low 
Tinodes abundance, allowing grazer-vulnerable Cladophora propagules 
to grow into more grazer-resistant larger filaments. The Cladophora 
'mat' on these substrata will also accumulate higher abundances of 
chironomids, facilitating the co-existence of chironomids and n nodes 
in patches of high n nodes abundance. 
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5.5 Conclusions 
1) Lake-wide, seasonal algal productivity in the littoral of Crosemere is 
largely constrained by bottom-up processes in the lake limnetic zone, 
such as the limitation of one, or more nutrients. This would appear to 
be due to the summer stratification of the lake. 
2) Local-scale processes, such as grazing and local variation in light 
levels due to riparian vegetation, appear to be unimportant in 
controlling the growth of algae in spring and autumn. In summer, 
however, top-down, grazer control of algae, exerts a significant effect 
and results in strong local-scale patchiness in the epilithic community. 
3) The community is characterised, in summer, by strong direct 
interactions between Modes and Cladophora filaments and by direct 
and indirect interactions between Tinodes and chironomids. 
Tinodes generally excludes Cladophora from substrata where it is 
abundant. The chironomids have two types of distribution. One group, 
Microtendipes and Glyptotendipes, show a strong relationship with 
Cladophora. The other, Cricotopus and Endochironomus show little 
clear relationship, in August, with either Cladophora or Tnodes. 
4) The assembly mechanism of epilithic communities on substrata is 
one of tolerance (sensu Connell and Slatyer 1977), where substrata are 
rapidly colonized in spring by non-Cladophora algae and chironomids. 
Tinodes larvae and Cladophora filaments colonize these substrates 
more slowly and eventually dominate the communities. 
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5) Co-existence between Tinodes, Cladophora and chironomids is 
facilitated by the aggregated adult oviposition under trees and 
differences in dispersal ability. Tinodes is not able to colonize the 
whole length of the exposed shoreline of Crosemere because of its 
relatively slow dispersal. Cladophora is able to escape grazing from 
Tinodes on substrata in areas further away from the trees, which thus 
act as spatial refugia. The chironomids which tend to be associated 
with Cladophora are also able to escape the indirect and possibly direct 
effect of Tnodes by being able to disperse to areas where Cladophora is 
abundant, as a result of the low Tinodes abundance. 
6) Cladophora is able partially to escape grazing by Tinodes in areas 
where the caddis is abundant, if new substrata become available in 
April. I postulate that Cladophora propagules colonize these substrata 
and grow to a size where they are less susceptible to grazing by 
7inodes. If propagules colonize substrata with existing densities of 
Tinodes, then they are grazed before they can establish. 
7) These two processes, temporal and spatial in nature, seem to enable 
persistence of less competitive or of grazer-sensitive species within the 
littoral epilithic landscape. 
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Chapter 6 
Field experiments on interactions between filamentous algae 
and epilithic invertebrates 
6.1 Introduction 
The study of herbivory in freshwater ecosystems has largely been 
confined to two habitats - lentic pelagic systems and lotic benthic 
systems. The grazing effect of lentic zooplankton has been well 
documented, with animals influencing density, species composition and 
seasonal dynamics of phytoplankton (Moss 1988). Typically, it is found 
that abundant grazers encourage succession from grazer-susceptible to 
grazer-resistant forms in summer. The control of algae by benthic 
herbivores has been demonstrated for marine littoral and freshwater 
lotic communities. Marine grazers, such as limpets and periwinkles, 
have been shown to affect algal assemblages, sometimes simply 
altering the composition of diatoms from grazer-susceptible, stalked or 
colonial forms to grazer-resistant adnate forms (Nicotri 1977), 
sometimes directly or indirectly affecting the succession of large fucoid 
algae (Lubchenko 1983). There are many accounts of cases where 
grazing alters algal species composition, density and productivity in 
freshwater lotic systems. Not all grazers have been shown to affect 
these changes, however, with results being more equivocal when the 
grazers are small. For example, almost all the larger herbivorous 
aquatic organisms studied, such as fish (Power et al. 1985, Gelwick & 
Matthews 1992), crayfish (Hart 1992, Creed 1994), shrimps (Pringle 
1996) and tadpoles (Lamberti et al. 1992) have been shown to reduce 
algal abundance and to alter algal composition. Most studies of the 
effects of herbivorous snails (e. g. Hunter 1980, Lowe & Hunter 1988, 
Underwood & Thomas 1990, Tuchman & Stevenson 1991) and caddis 
larvae (e. g. Lamberti & Resh 1983, Jacoby 1987, Feminella et al. 1989) 
have also shown a strong interaction between the grazer and the algae. 
In comparisons between different lotic grazers, mayflies were found to 
have little effect on overall algal density, in contrast to snails or 
caddisflies (Lamberti et al. 1987, Hill & Knight 1987). This may be due 
to the former's ability to graze only lightly attached algae and not 
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tough filamentous forms or strongly attached adnate algae. 
Chironomids are also reported either to reduce algal density or not, 
depending on the particular ecosystem. Chironomids on a marine rocky 
shore can reduce the abundance of algae in the absence of other 
grazers (Robles & Cubit 1981). Chironomids have also been reported to 
be responsible, together with oligochaetes, for the seasonal reduction in 
epiphyte density on plants on a lake shore (Cattaneo 1983). In a 
laboratory experiment, however, Gresens & Lowe (1994) found that, 
while chironomids were very sensitive to algal density in their 
selection of food patches, they were not able to reduce algal density. 
Fewer studies have been conducted on benthic grazers in lakes or 
ponds. Snails (e. g. Lodge 1986, Swamikannu & Hoagland 1989, 
Bronmark et al. 1991), tadpoles (Dickman 1968, Brönmark et al. 1991) 
and crayfish (Lodge et al. 1994, Flint & Goldman 1975) have again 
been reported to reduce algal density. Large grazers are also reported 
to be more effective grazers (of filamentous algae) than small or 
medium-sized invertebrate grazers (France et al. 1991). There is little 
published information on the role of epilithic grazers in lakes, 
particularly caddis larvae. 
The filamentous macro-alga Cladophora has been reported to be 
controlled by invertebrate grazers by several authors, although 
Cladophora is said to be unpalatable to grazers as it contains toxic 
fatty acids and is relatively low in protein compared to diatoms (Dodds 
& Gudder 1992). However, several groups of freshwater animal have 
been reported to eat it. These include crayfish (Skoog, 1978, Hart 1992, 
Creed 1994), snails (Brönmark et al. 1991), larvae of the caddis 
Agapetus celatus (Dudley & D'Antonio 1991), Gumaga nigricula 
(Feminella & Resh 1991) and Brachycentrus occidentalis (Dodds 1991). 
These animals are all relatively large grazers, with heavy mouthparts, 
or are otherwise adapted for feeding on tough vegetation. 
Invertebrates can also depress densities of filamentous macro-algae 
not only by grazing mature filaments but also by preventing the 
establishment of young colonising individuals. The marine littoral 
periwinkle Littorina littorea , for example, can prevent the 
establishment of large fucoid algae by grazing young plants 
(Lubchenko 1983). In freshwaters, the crawling cased larvae of the 
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caddis Helicopsyche borealis, while not consuming large Cladophora 
filaments, is able to exclude it from surfaces by ingesting propagules 
(Lamberti & Resh 1983). Leucotrichia pictipes and Psychomyia flavida 
are also reported to be able to exclude Cladophora in a similar manner 
(Hart 1992). 
Ecosystems where grazers co-exist with filamentous algae usually 
exhibit a degree of patchiness, including patches of mature filaments, 
indicating that grazers do not dominate these habitats completely 
(Hart 1992). Filamentous algae are thus able to persist, despite often 
heavy grazing, for much of the year. In Chapter 5, it was suggested 
that Cladophora filaments on tiles can escape control by Tinodes in the 
littoral of Crosemere by both spatial and temporal mechanisms. 
Tinodes larvae were not able to disperse to all areas of the littoral, due 
to the oviposition of adults under trees and the slow rate of larval 
dispersal. Filaments were also able to escape control by grazing insect 
larvae if the alga colonized substrata in April, when there was a 
'window' in the abundance or activity of herbivores, such that 
propagules were able to establish and grow to a size resistant to 
grazing. Large filamentous algae can 'escape' from grazers in other 
ways. In some other systems, algae have been shown to establish 
themselves in local spatial refugia where grazers cannot gain access, 
such as in cracks and crevices on rocks in the marine littoral 
(Lubchenko 1983) or on rocks with rough surfaces in streams (Dudley 
& D'Antonio 1991). 
Cladophora can also act as a favoured habitat for many lotic insects. 
This may be because of the high density of micro-algal food found 
among the filaments, the greater physical complexity or the protection 
afforded by the filament mat. Mayflies (Stenonema sp. ) and stoneflies 
(Taeniopteryx sp. ) were positively correlated with Cladophora 
abundance in Michigan streams (Hart 1992) and several caddis 
species, mayflies and chironomids were found in greater abundance in 
Cladophora filaments in a south Californian stream (Dudley et al. 
1986). Lotic species of Tinodes were also shown to be attracted to 
filamentous blue/green algae because of the greater physical structure 
offered by the filaments, compared to the bare rock (Dudley et al. 1986). 
Tinodes waeneri on stone surfaces in Crosemere may exclude other 
organisms from the stones either directly by physically removing them, 
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or indirectly by controlling the abundance of Cladophora on stones and 
so depriving other organisms of a favoured resource/habitat. 
The series of experiments and field observations described in this 
chapter were conducted to determine the nature of local-scale 
interactions between Tinodes, Cladophora and chironomids. Specific 
questions asked were as follows: 
1) Does Tinodes control the local abundance of Cladophora? In Chapter 
5, it was found that Cladophora abundance on tiles was very low in 
areas (near to or under trees) where Tinodes larvae were abundant To 
test whether this pattern could be attributed to grazing, artificial 
substrata were placed in the littoral, in areas of high Tinodes larval 
abundance, some of which were fully accessible and others inaccessible 
to Tinodes larvae. The abundance of Tinodes larvae, Cladophora and 
chironomids on the substrata was measured after several months 
exposure in the lake. 
2) Is Cladophora a preferred habitat for invertebrates? Results from 
Chapters 3&4 indicated that Tinodes and chironomids may colonize 
stones with a high Cladophora abundance, suggesting that Cladophora 
was a preferred habitat for these species. Results from Chapter 5 also 
suggested that Tinodes controlled Cladophora on substrata and 
therefore indirectly controlled chironomids which associated with the 
Cladophora mat. To test the favourability of Cladophora filaments as a 
habitat for epilithic species, artificial substrata were placed in the 
littoral, each with two habitat patches on them. One half of the 
substratum was covered in Cladophora filaments and the other was 
scraped clean of Cladophora, to give a 'blank' surface. Colonization of 
the two patches was compared over 12 days. 
3) Why do invertebrates associate with Cladophora filaments? To 
separate the effects of food and habitat, artificial substrata with 
grooves cut into their surface to mimic substratum heterogeneity, were 
placed in the littoral. Substrata were sampled at intervals to measure 
the colonization by invertebrates of the rough surfaces compared with 
smooth controls. 
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6.2 Methods 
1. Local-scale interactions between Tinodes larvae, 
filamentous algae, chironomids and substratum topography 
a) Experiments 
For all following experiments, artificial substrata (unglazed clay 
quarry tiles) were laid out at random along the shore in areas near to, 
or under trees, at a depth of 25-30 cm. 
In April 1994, eight sets of three 15 cm x 15 cm tiles were set out in the 
littoral and sampled the following August. Tiles were placed in three 
positions: either i) directly onto the lake bed ii) on raised steel 
platforms, 10-15 cm off the bed iii) on a stack of other tiles, the same 
height above the bed as in ii) (Fig. 6.1). 
Therefore, tiles in treatment i) were readily accessible by swimming 
and crawling, ii) by swimming only and iii) by swimming or crawling 
vertically up the side of the stack of tiles. In particular, it was expected 
that Tinodes would not colonize raised tiles and that these latter would 
develop a higher biomass of Cladophora than tiles placed directly onto 
the lake bed. Tnodes may or may not gain access to stacked tiles, 
depending on their behaviour. The distance of tiles from the water 
surface (thus controlling light supply) was similar in the three 
treatments, since raised and stacked tiles were placed close to those 
directly on the lake bed, but in slightly deeper water. 
This experiment was repeated in Autumn 1994, with the following 
difference: six sets of substrata, rather than eight, were placed on the 
lake bed in early August and sampled in mid-October. Further, in 
place of stacked tiles, bricks were used with similar composition and 
surface properties as tiles and the same height as stacked tiles (Fig. 
6.1). 
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Fig. 6.1: Diagram of field experiments on local-scale 
interactions between Tinodes larvae, filamentous algae, 
chironomids and substratum topography. 
Tile raised 
on platform Tile raised on stack 
of other tiles Tile placed on 
littoral bed 
a) Summer -s 
F =: r 
.0 
b) Auf 
b:. ':.. cD 
CD" 
Distribution of substrata on lake bed, showing the equidistance of all 
substrata from the water surface. 
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b) Field observations on rock size and shape 
It was evident that the difference between the standard' low' tiles on 
the lake bed and the bricks or stacks of tiles, might relate to natural 
variations in the shape of stones in the littoral. It was of interest, 
therefore, to see if any biological variations in the epilithic community 
could be attributed to stone morphometry. In order to observe this, a 
20m transect was laid out parallel to the shore at a depth of 30cm in 
open areas near trees. All stones above a maximum width of 2cm were 
sampled. The abundance of Cladophora cover on the stones was 
assigned visually to one of six cover categories - 0%, 1-20%, 21-40%, 41- 
60%, 61-80% and 81-100%. The maximum height (± 0.5 cm) of upper 
surface of the stone above the sand/gravel layer was measured. A total 
of 260 stones were sampled. 
2. Colonization of Cladophora filaments by invertebrates 
a) Cladophora as a habitat 
(et'of8 tiles were laid in the littoral in August 1994. One half of 
each tile was covered with a thick growth of clean Cladophora 
filaments on them and the other half had all organisms scraped off 
them (blank') (Fig. 6.2). These tiles had been in the littoral since April 
in open areas away from trees and had developed abundant 
Cladophora cover, in the absence of Tinodes larvae. On half of the tile, 
the Cladophora filaments on tiles were gently scraped and brushed 
and treated with a water jet from a wash bottle, to remove 
invertebrates and accumulated loose detritus and microalgae. All 
organisms, including Cladophora, were scraped off the other half of the 
tile. Three of the Cladophora'patches' on tiles treated in this manner 
were immediately sampled for invertebrates and algae, in the same 
way as natural stones in Chapter 3. This was done to assess the 
efficacy of removing associated organisms from the Cladophora 
filaments. On each tile there was thus two habitat types: one half was 
covered with abundant 'clean' Cladophora filaments and the other half 
was blank or'Cladophora-free'. Both habitat types on tiles, 
'Cladophora' and 'Cladophora-free' were sampled after 12 days of 
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Fig. 6.2 Diagram of field experiments on colonization of 
Cladophora filaments by invertebrates. 
a) Cladophora as a habitat. Tiles sampled at T=12 days. 
)ra patch 
Non-Cladophora ('Blank') patch 
b) Influence of physical structure on colonization. 
4 tiles sampled 4 tiles sampled 
at T16 days at T=47 days 
4 tiles sampled 4 tiles sampled 
at T-8 days at T--24 days 
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colonization in the littoral and analysed for invertebrate abundance 
only. 
b) Influence of physical structure on colonization 
The colonization of smooth and rough substrates was compared over 47 
days to assess the effect of surface heterogeneity. Thirty-two unglazed 
9.5 x 9.5 cm quarry tiles treatments were placed in the littoral in 
August 1994. Sixteen of the tiles had a smooth upper surface, while a 
further sixteen had their surfaces scored with an angle-grinder to 
create a series of grooves approximately 2mm deep and 5 mm wide 
(Fig. 6.2). Tiles of both treatment had a small quantity of sand and grit 
added to their surfaces so that retreat-dwelling larvae were not 
prevented from colonizing tiles because of the absence of building 
material. Four tiles from each treatment, grooved and smooth, were 
harvested at random from among the tiles laid out along the shore, 
after 8,16,24 and 47 days since the tiles were introduced. 
Organisms from all substrata in each experiment were sampled and 
analysed in the same manner as those on tiles and stones described 
previously (Chapters 3& 5). Invertebrates were analysed to species 
and instar, algae was analysed in terms of chlorophyll a. Algae 
sampled from low, raised or stacked tiles in the first experiment was 
separated into a Cladophora and non-Cladophora fraction, as for algal 
samples on tiles harvested in August in Chapter 5. 
3. Tinodes gut contents 
In order to see what Tinodes were eating in Crosemere, gut contents 
were semi-quantitatively examined, for larvae harvested from artificial 
substrata in August and November. Guts were removed from 10, 
freshly-thawed, individual fifth instar larvae, selected at random from 
substrata in open and shaded areas. Gut contents were squeezed onto 
a microscope slide and examined. The proportions of each particle type 
was assessed as percentage of area covered by all particles. 
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6.3 Results 
1. Local-scale interactions between Tinodes larvae, 
filamentous algae, chironomids and substratum topography 
a) Experiments 
There were significant differences in biomass of Tinodes, Cricotopus 
and Glyptotendipes between substrata in the three different positions - 
'stacked', 'raised' and 'low' (Fig. 6.3; Table 6.1a). Post-hoc analyses 
showed that Tinodes larvae were significantly more abundant on low 
tiles (tiles placed directly on the lake bed) than on either raised tiles 
(tiles raised above the lake bed on platforms) or stacked tiles (tiles 
stacked up to the height of the raised tiles). In contrast, algal 
abundance, both of Cladophora and associated loose algae, was 
significantly greater on raised and stacked tiles, than on low tiles. Both 
Glyptotendipes and Cricotopus were also significantly more abundant 
on the raised and stacked tiles than on the low tiles. There was no 
significant difference in abundance of Endochironomus, Asellus and 
Gammarus across the three tile positions. 
Bricks, rather than stacked tiles, were used in the second, autumn 
experiment. Similar results were obtained as for experiment 1(a), with 
significantly greater abundance of Tinodes on low tiles, than on raised 
tiles and bricks. The abundance of algae was also greater on raised 
tiles and bricks, than on low tiles and also greater on bricks than on 
raised tiles (Fig. 6.4, Table 6.1b). In this part of the experiment, the 
dominant alga was the group of filamentous blue/green algae 
(Lyngbyal PhormidiumlOscillatoria spp. ) typical of the epilithon in 
autumn and winter. Very few chironomid larvae colonized the tiles, a 
result consistent with earlier work in the autumn. 
b) Field observations 
There was a significantly greater percentage cover of Cladophora on 
taller stones, in the survey of randomly sampled stones along the 
littoral in August 1994 (Fig. 6.5). 
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Fig. 6.4. Tinodes larval biomass on low tiles, 
raised tiles and bricks. Autumn. Mean ±1S. E. 
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Low tile Brick Raised tile 
Low tile Brick Raised tile 
Table 6. la: One-way ANOVA of invertebrate and algal biomass (as chlorophyll a) 
on tiles of different position ('stacked', 'raised' and low') and Bonferroni post-hoc 
tests of significant differences between pairs of tile positions. Summer. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.1 
Species DF F P Significant Post-Hoc 
differences between 
tiles 
Tinodes 2,21 15.231 <0.001*** Stack < Low 
Raised < Low 
Cricotopus 2,21 4.650 0.021* Stack > Low 
Glyptotendipes 2,21 8.970 0.002** Stack > Low 
Raised > Low 
Asellus 2,21 0.210 0.812 
Gammarus 2,21 0.507 0.507 
Endochironomus 2,21 1.114 0.347 
Cladophora (Chl a) 2,21 16.817 <0.001*** Stack > Low 
Raised > Low 
Non-Cladophora 2,21 7.628 0.003** Stack > Low 
algae (Chl a) Raised > Low 
Table 6.1b: One-way ANOVA of invertebrate and algal biomass (as chlorophyll a) 
on tiles of different position ('stacked', 'raised' and low') and Bonferroni post-hoc 
tests of significant differences between pairs of tile positions. Autumn. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.1 
Species DF F P Significant Post-Hoc 
differences between 
tiles 
Tinodes 2,21 14.842 <0.001*** Brick > Low 
Raised > Low 
Total algae (Chl a) 2,21 13.630 0.002*** Brick > Raised 
Brick > Low 
Raised > Low 
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2. The colonization of Cladophora filaments by invertebrates 
a) Cladophora as a habitat 
A significantly greater biomass of invertebrates colonized the 
Cladophora-covered halves of tiles, than the blank halves (Fig. 6.6a; 
Table 6.2). The mean abundance of each species remaining in the 
'cleaned' Cladophora filaments on three tiles sampled at the beginning 
of the experiment was subtracted from the total abundance afterl2 
days to control for the initial small differences between 'blank' and 
'Cladophora' habitats on tiles. Particularly noticeable is the rapid 
colonization of the Cladophora filaments by Tnodes larvae. Despite 
the much greater abundance of Tinodes larvae in the Cladophora 
habitat, all chironomids were also more abundant in this habitat. 
As for biomass, there were significantly greater densities of 
invertebrates colonizing Cladophora patches (Fig. 6.6b; Table 6.3). 
Almost all Tinodes colonizing these patches were fourth of fifth instars. 
All instars of Glyptotendipes and Microtendipes colonized Cladophora 
patches in significantly greater abundance. Later instars of Cricotopus 
and Endochironomus colonized the Cladophora in greater abundance, 
but earlier instars showed no significant difference between the two 
patches. 
b) Influence of physical structure on colonization 
All invertebrates were more abundant on grooved tiles than on smooth 
tiles and, not surprisingly, there was a highly significant effect of time 
on colonization (Fig. 6.7; Table 6.4). All the chironomid species 
increased in abundance on grooved tiles to a peak in abundance then 
declined, by day 47, to values only marginally above those on blank 
tiles. This accounts for the significant interaction term in the ANOVA 
between Tile and Time. Tinodes increased continuously on both types 
of tile, but did so faster on grooved tiles. There was a significant 
difference between tile types in the colonization of algae, but the highly 
significant interaction term in the ANOVA indicates that tile types 
diverged through time. The effect of time, as expected, was highly 
significant. 
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Fig. 6.6a. Abundance of invertebrates colonizing tiles of two habitat types: 
'Cladophora' and 'Blank'. Tiles were sampled after 12 days. 
Abundance on Cladophora tiles at T=12 are corrected for residual abundance 
in 'cleaned' Cladophora at T=O. N=8. Mean ±1S. E. 
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Cladophora Blank 
Cladophora Blank 
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Table 6.2: Paired t-test of invertebrate biomass from the two 
habitat types on each tile - Blank' and'Cladophora'. 
***=P<0.001 **=P<0.01 *=P<0.05 i=P<0.1 
Species DF T P 
Tinodes 7 6.852 <0.001*** 
Cricotopus 7 5.155 0.005** 
Glyptotendipes 7 4.022 0.005** 
Asellus 7 4.307 0.004** 
Endochironomus 7 3.759 0.007** 
Microtendipes 7 1.566 0.161 
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Table 6.3: Paired t-test of larval instar densities on tiles with a 
Blank' half and a 'Cladophora' half. 
***=P<0.001 **=P<0.01 *=P<0.05 1-=P<0.1 
Species Instar DF T P 
Tinodes 1 7 22.030 <0.001*** 
2 7 4.607 0.002** 
3 7 -1.000 0.351 
4 7 -1.000 0.351 
5 7 -1.315 0.230 
Cricotopus 4 7 4.307 0.004** 
3 7 3.187- 0.015* 
2 7 -0.248 0.811 
Glyptotendipes 4 7 3.710 0.008** 
3 7 4.196 0.004** 
2 7 5.290 0.001** 
Endochironomus 4 7 4.017 0.005** 
3 7 1.390 0.207 
2 7 0.061 0.954 
Microtendipes 4 7 2.051 0.079 
3 7 2.964 0.025* 
2 7 4.356 0.003** 
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3. Gut contents of Tinodes 
The gut contents of randomly chosen fifth instar Tinodes larvae from 
open and shaded areas showed that particles of algal origin constituted 
a large proportion of the gut contents (Fig. 6.8). The majority of 
particles in guts in August were 'grit' - small sand grains and silt 
particles. Cladophora filaments, small single green algae and pieces of 
green/brown 'matrix' occurred in roughly equal quantities. Matrix 
particles were amorphous biofilm of algal origin. In appearance, it was 
a very thin dark green layer over the surface of the substratum. Using 
ultra-violet epifluorescence microscopy on DAPI (diaminophenyl indol)- 
stained samples (following the technique of Boraas et al. 1991), it was 
observed to consist of small coccoid green and blue-green algal cells 
embedded within a polysaccharide matrix. This biofilm was typically 
found on highly-grazed surfaces where n nodes had been long 
established. The growth of this matrix on substrata with dense Tandes 
possibly reflected the high grazing pressure on the algae, such that 
only small single cells in a protective polysaccharide matrix could 
persist. Diatoms represented only a small fraction of the diet in 
summer. In November, grit particles were somewhat less abundant 
and the matrix proportion was greater. In contrast, Cladophora was 
much less abundant in guts. Blue-green filaments were more abundant 
in guts in winter than in summer. 
There appeared to be little difference in gut contents from larvae in 
either open or shaded areas, although there was slightly more 
Cladophora in open larval guts in both months. 
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Fig. 6.8. Percentage of particles in the guts of 
fifth instar Tinodes larvae for August and 
Novemeber 1994. Mean ±1S. E. 
Tinodes gut contents (% of total). August. 
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6.4 Discussion 
Manipulation of access by n nodes larvae to experimental substrata 
yielded results consistent with the hypothesis that Tinodes can control 
Cladophora. They also appear to be able to control blue-filamentous 
algae in autumn. Excluding larvae, or reducing their abundance, on 
tiles raised above the lake bed resulted in a greater abundance of 
algae. The biomass of Tinodes larvae in the autumn experiment was 
somewhat higher than expected on raised tiles. First instars of Ttnodes 
may colonize substrata, following hatching from eggs at the water's 
edge, either by crawling onto substrata or, possibly, by swimming. It is 
possible that this 'vertical' colonization of substrata inaccessible to 
crawling larvae may have occurred to some extent in the autumn 
experiment. 
An unanticipated result was that few late instar Tinodes colonized 
stacked tiles or bricks, and this probably explains the higher biomass 
of algae on the top surfaces of these substrata. Observations in the 
laboratory showed that fifth instar larvae could climb up vertical 
surfaces. Reasons for their apparent reluctance to climb up vertical 
stone surfaces in the lake could be related to higher predation or to 
greater wave action on the tops of tall stones, especially in winter. In 
either case, avoidance of the upper surfaces of tall stones by ? modes 
would then be predicted to allow a greater cover of Cladophora on such 
stones. This prediction was clearly borne out by the results of the field 
survey of different shaped stones. The reluctance of Tnodes larvae to 
crawl up tall stones may thus be responsible for the observed higher 
abundance of Cladophora. In Chapter 5, tiles placed in open areas near 
trees had a low abundance of Cladophora, which appeared to be due to 
control by Tiedes. The abundance of Cladophora (in terms of 
percentage cover) on natural stones in these same areas (Chapter 3) 
showed considerable between-stone variation, with some stones having 
a low Cladophora cover and others (the majority) having abundant 
Cladophora. This was possibly due to the former being similar in shape 
to the low, flat tiles. Taller stones, which were more common, would 
thus have a higher Cladophora cover. 
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The role of 'spatial refugia' in allowing co-existence of Cladophora and 
Tnodes was discussed in Chapter 5. Areas of the littoral away from 
trees, where Tinodes were unable to disperse to in summer acted as 
refugia for Cladophora. This experiment has shown that, at a smaller 
scale within the littoral 'landscape', tall stones in areas of high Tinodes 
abundance can also act as spatial refugia for Cladophora due to local- 
scale Tnodes dispersal behaviour. 
Hart (1992) reported that Psychomyia flavida (Psychomyiidae) was 
the numerically dominant sedentary caddis larva on flat quarry tiles 
introduced into a stream, whereas the co-occurring caddis Leucotrichia 
pictipes (Hydroptilidae) was numerically dominant on introduced 
bricks, indicating that Psychornyia was possibly reluctant to colonise 
the taller bricks, in the same manner as 7inodes. This behaviour is 
perhaps widespread in the Psychomyiidae. In an experimental 
laboratory stream, two species of case-bearing limnephilid caddis 
showed very different tendencies to climb: Limnephilus rhombicus 
readily climbed onto vertically-arranged sticks, while Potomophylax 
rotundipennis climbed less readily onto sticks (Higler 1975). 
There were also differences in the abundance of Chironomidae on the 
three tile positions. Cricotopus and Glyptotendipes were both more 
abundant on raised and stacked tiles in the summer experiment. This 
pattern could be attributed to direct exclusion by the more numerous 
Tinodes larvae on the low tiles, or by an indirect interaction with 
T`inodes, via its effect on Cladophora. 
The nature of the interactions between Cladophora and invertebrates 
was examined in two further experiments. All the invertebrates in 
experiment 2 were significantly more abundant in Cladophora patches 
on tiles after day12 than on non-Cladophora patches (Fig. 6.6), clearly 
demonstrating the preference of the epilithic invertebrates for this 
habitat. Other invertebrates recorded at low abundance from 
Cladophora mats included Caenis mayflies, Pea mussels (Pisidium 
sp. ), microcrustacea and oligochaetes. Despite the high abundance of 
anodes larvae in the Cladophora patches there was also a high 
abundance of chironomids in the same habitat. This demonstrated that 
chironomids were actively selecting Cladophora, rather than avoiding 
Tnodes. The greater chironomid abundance on raised and stacked 
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tiles in experiment 1 was therefore probably due to the greater 
Cladophora abundance on these tiles, rather than to the low 
abundance of Tinodes larvae. 
Relationships between Cladophora and invertebrates in other systems 
have been documented by a number of authors. Invertebrates may 
interact with Cladophora in at least three ways: 
i) They may eat the filaments themselves 
ii) They may eat the epiphytes or other loose algae and detritus 
associated with Cladophora 
iii) They may use the filaments as a physical habitat which may help 
protect invertebrates from predators or physical disturbance 
i) Cladophora as food 
Cladophora is reported to be unpalatable to grazers because it contains 
toxic fatty acids and is relatively low in protein compared to diatoms 
(Dodds & Gudder 1992). For example, Leucotrichia pictipes avoids 
eating both Cladophora and blue/green filamentous algae, possibly 
because of their nutritional inadequacy, toxicity or unmanageability 
(Hart 1991). Nevertheless many invertebrates do consume and control 
Cladophora. 
Grazers may eat Cladophora because of its sheer abundance and 
ubiquity, making harvesting relatively easy compared to rarer, more 
dispersed species of algae. Large grazers may forage in such a manner. 
The crayfish Orconectes propinquus, for example, readily consumed 
Cladophora filaments (Hart 1992, Creed 1994) and Hart (1992) found 
that the majority of crayfish guts contained an abundance of 
Cladophora fragments. 
Grazers may also be specialists on Cladophora, consume it incidentally 
as part of a wider algal diet or use it as a less preferred item if other 
foods are unavailable. In a comparison of the food preferences of two 
caddis larvae, it was found that Helicopsyche borealis preferred 
microalgae to Cladophora filaments and grew better if fed the former, 
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whereas Gumaga nigricula preferred Cladophora filaments and grew 
better on them than on microalgae (Feminella & Resh 1991). Gumaga 
was also able to reduce the abundance of Cladophora throughout its 
habitat. In another study, Gumaga larvae were found in higher 
densities in Cladophora filaments than on epilithic diatoms (Feminella 
et al. 1989). Vaughn (1986) reported early instar Helicopsyche borealis 
to be more abundant on surfaces containing dense periphyton cover, 
including Cladophora. Larvae were more closely associated with 
Cladophora than with epilithic diatoms. 
Similarly, Agapetus fuscipes larvae readily consumed Cladophora and 
were able to control the alga's distribution and abundance by 'mowing' 
the biofilm using their heavy mouthparts (Dudley & D'Antonio 1991) 
(but see below). The sedentary aquatic caterpillar Petrophila confusalis 
reduced densities of both Cladophora and diatoms within grazed areas 
around their silken retreats on stone surfaces, with the reduction of 
Cladophora being most significant (Bergey, 1995). 
Examples of grazers using Cladophora as a secondary resource in the 
presence of a high density of competitors or a low density of alternative 
food are reported by several authors. Dodds (1991), in an experiment to 
measure the effect of grazer density on the growth of Cladophora, 
found that the caddis larva Brachycentrus occidentalis consumed the 
tips of Cladophora only at the highest grazer densities, once epiphytes 
on the Cladophora filaments had been depleted. The growth and 
reproduction of lymnaeid snails can be sustained on a diet of 
Cladophora but is much greater when snails are fed a diet of 
microalgae and other preferred foods (Skoog 1978). Brönmark et at. 
(1991) found that tadpoles out-competed snails for the more favoured 
microalgae, when they co-existed in ponds. This had the effect of 
forcing the snails to consume less-favoured Cladophora which, in turn, 
enhanced the growth of microalgae. Grazing on Cladophora by 
Agapetus fuscipes enhanced filament growth by removing epiphytic 
algae which shaded the filaments and possibly competed for resources 
(Dudley 1992). As Agapetus have been reported as grazing on 
Cladophora filaments and reducing their abundance (Dudley & 
D'Antonio 1991), it seems possible that the primary, preferred food of 
Agapetus is epiphytic algae, with larvae consuming Cladophora only 
once these have been depleted. 
269 
Results of gut content analysis have shown that Cladophora filaments 
constitute a considerable proportion of the diet of 7inodes larvae in 
summer (Fig. 6.9). Filaments found in guts were typically many cells 
long, suggesting that larvae were consuming whole filaments, rather 
than biting off the growing tips, or'nibbling' epiphytes. Tinodes may 
therefore colonize the Cladophora patches because of the food value of 
the filaments themselves. Chironomids are unlikely to eat Cladophora 
itself as their smaller mouthparts would be unable to process 
filaments. 
The high abundance of Tinodes larvae colonizing tiles after only 12 
days demonstrated the large number of temporarily free-living, 
dispersing larvae that were seeking new habitats in August. The 
majority of the larvae were fifth instars (Fig. 6.6b), consistent with the 
colonization of substrata in open areas by later instars seen in Chapter 
4. The fifth instars were probably from the bi-voltine part of the 
population and may have been seeking substrata with abundant food 
in order to pupate in late August/ early September. The rapid 
colonization also suggests that Cladophora filaments were an 
attractive food source for Modes at this time. The low summer algal 
productivity in Crosemere, with consequent food shortage, may 
increase the attraction to Tandes larvae of Cladophora, given its low 
food value. 
ii) Epiphytes of Cladophora and associated algae and 
detritus 
Cladophora is frequently reported to be colonised by invertebrates, 
including chironomids, mayflies and caddis larvae, because of the 
abundance of epiphytic algae, detritus and other Cladophora- 
associated foods (Whitton 1970, Dudley et al. 1986). The growth and 
development of the chironomid Pseudochironomus richardsoni was 
faster in floating, detached mats of lotic Cladophora, compared to 
attached benthic turfs (Power 1990a). This was attributed both to the 
higher temperature of the floating mats and to the higher 
concentration of trapped microalgae, such as diatoms and detritus, 
which the chironomids consumed. Both Tinodes and the chironomids 
may have been partially attracted to the Cladophora mat in 
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experiment 2 as a response to the associated loose algae and detritus. 
Shannon et al. (1994) reported that Cladophora was an important 
factor in the distribution of the amphipod Gammarus lacustris in the 
Colarado river, USA. Laboratory experiments showed that the density 
of epiphytic algae living on the Cladophora was the major determinant 
of distribution and that these were preferred by Gammarus as a food 
item over Cladophora filaments without algae. Both Asellus and 
Gammarus have been reported to be abundant in Cladophora mats 
(Moore 1975). The gut contents of both species were very similar and 
diatoms were found to comprise up to 80% of the ingested flora, 
although considerable amounts of sand and plant detritus were also 
present. No Cladophora fragments were ever found in the guts (Moore 
1975). Fungi (Graca et al. 1993) and plant material, including decaying 
leaves and filamentous algae (though not Cladophora: Marcus et al. 
1978) are also reported to be important food items in the diets of these 
two species. Asellus could therefore have been attracted to the 
Cladophora patches because of the accumulation of loose algae and 
detritus. 
iii) Cladophora as a habitat 
In addition to invertebrates colonizing the (food-rich) Cladophora patch 
in greater abundance than the (food-poor) non-Cladophora patch, 
(second experiment) they may also have colonized the dense and 
tangled filaments to avoid predation or physical disturbance. 
Despite the protection against predators afforded to chironomids by 
living in tubes (Hershey 1987), predation of larvae inside tubes on the 
exposed stone surfaces may still be an important influence in their 
distribution. Chironomids would be exposed to predation and 
disturbance from a variety of other animals in the littoral of 
Crosemere. Fish are reported to feed on benthic chironomids in lake 
littorals, influencing their density and distribution (Hershey 1985, 
Cuker et al. 1992, Goyke & Hershey 1992, van de Bund & Groenendijk 
1994), although fish predation may not be as important in all lakes 
(Thorp & Bergey 1981). No information was gathered in this study on 
fish predation although, apart from small pike (Esox lucius), fish were 
seen only infrequently along the exposed stony shore during the day. 
Power (1990a) reported that chironomids in retreats woven into 
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Cladophora tufts were afforded almost complete protection from fish 
predators as the latter were unable to forage effectively in the tangled 
filaments. 
Invertebrate predators and competitors may also cause chironomids to 
take refuge in Cladophora filaments. Snails, although not abundant on 
the surface of stones in the littoral of Crosemere, can nevertheless 
exert strong effects on chironomids, because of their large size and 
foraging manner (Cuker 1983). Snails graze the algal mat very closely, 
potentially disturbing chironomids by direct physical contact and local 
depletion of algal resources. The consequences for those species living 
in weakly-attached fixed tubes would be considerable. The disturbance 
of chironomids by snails may be reduced in the Cladophora filaments, 
where the snails could not graze so closely over the rock surface. Other 
benthic invertebrates that may exert a strong effect on chironomids are 
Asellus, Gammarus, leeches, Tinodes and other caddis larvae 
(especially the predatory Ecnomus tenellus that is found in low density 
on the lake shore). Very few predatory chironomids (such as members 
of the Tanypodinae) were found on stones along the shore. Leeches 
have been reported to predate heavily on chironomids in the littoral of 
Crosemere (Young and Spelling 1989). Leeches in the lake include 
Erpobdella octoculata, an active, roaming predator, Glossiphonia 
complanata and Helobdella stagnalis, that are sit-and-wait predators 
and are less numerous in Crosemere. Leech foraging may be less 
effective among Cladophora filaments compared to smooth surfaces. 
Predators have been shown to influence the distribution of Asellus and 
Gammarus, with increasing habitat complexity reducing risk of fish 
predation (Hargeby 1990). Holomuzki & Short (1988) found that fish 
predation on the isopod Lirceus fontinalis was lower in Cladophora 
mats than outside the mats. This was due to the dense tangled 
filaments of the Cladophora mat making it more difficult for the fish to 
forage. The density of preferred food items of Lirceus was lower in the 
Cladophora, however and Lirceus probably grew more slowly in the 
Cladophora mats. 
Dudley et al. (1986) reported that a group of invertebrates, including 
Tinodes sp., that depended on secure attachment sites to avoid being 
swept away by the current, was found in greater densities among 
macrofilamentous algae. The filaments provided physical structure 
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which these organisms could grasp and/or sites where they could build 
nets or retreats. It is perhaps unlikely that invertebrates in the littoral 
of Crosemere took refuge in the Cladophora mat to avoid disturbance 
from wave action. 
The higher abundance of invertebrates in the Cladophora filaments 
may also have been due to the more physically complex nature of the 
filaments, compared to the smooth surface of the tiles or stones. To test 
this, substrata of differing physical complexity were introduced into 
the lake and sampled over a period of weeks. All chironomids and 
Tinodes were more abundant on grooved compared to smooth tiles. 
This difference was unlikely to be related to food conditions, as the 
biomass of algae was not consistently different on the two tile types. 
Surface structure, therefore, was clearly important for the colonisation 
of all the species of chironomid studied in the lake littoral. Tnodes is 
reported to prefer rough substrata, with more complex surface 
heterogeneity (Jones 1967). Power (1992a) reported that more 
structurally-complex habitats prevented fish predation on 
invertebrates. Flecker & Allan (1984), however, showed little difference 
in fish predation between structurally simple or complex habitats in 
lotic habitats. Snails can reduce the densities of tube-dwelling larvae 
by physically removing or disturbing them (Cuker 1983). By 
constructing tubes, or galleries in grooves, larvae may avoid such snail 
activity by snails moving over the surface of the tile without foraging 
in the 'dips' in the tile. 
Densities of colonising lotic insects and algae (as chlorophyll a) have 
been shown to be greater on rough substrata, rather than smooth, by 
several authors. Clifford et al. (1992) found that colonization by 
invertebrates was greater on rough tiles, even when there was little 
algae on the tiles. The difference was attributed to the refuge from flow 
afforded by the rougher surface texture. Colonization of grooved tiles 
may be greater than smooth tiles because grooves offer some protection 
from wave action, although the experiment was conducted in late 
summer, when wind action and hence wave action was unlikely to be a 
major factor in the distribution of chironomids or Tinodes. Hart (1978) 
found that there was a higher species richness on complex surfaces, 
compared to smooth ones. Both Douglas & Lake (1994) and O'Connor 
(1991) found that the addition of grooves to the top surface of substrata 
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increased species richness, independent of the extra area attained as a 
result. This enhancement of species richness was reported to be due to 
the greater number of microhabitats on the grooved substrata. Grooves 
acted as sediment traps and possibly sites for greater growth of algae. 
The abundance of algae was no different on smooth tiles compared to 
grooved tiles in this experiment, however, probably due to the high 
grazing of all substrata by crawling and retreat-dwelling invertebrates. 
Retreat construction may be easier or quicker on heterogeneous 
surfaces, such as those with grooved surfaces or among Cladophora 
filaments, with the added 'roughness' providing a greater purchase for 
anchoring retreats. Larvae may also be less vulnerable to predation in 
grooves or fissures on substratum surfaces. Constructing a gallery 
between two surfaces at right angles would reduce the time and effort 
and material needed for gallery construction, as the gallery would only 
have to span half the distance (analogous to a lean-to, compared to a 
free-standing building). 
Following peaks in abundance on grooved tiles, all chironomid species 
subsequently show a decline in abundance, in contrast to the 
increasing abundance of Tinodes (Fig. 6.7). The abundance of 
chironomids on stone surfaces may decline in autumn/winter as a 
result of migration to other habitats, such as the sand/ gravel layer or 
to deeper habitats, such as that described for Endochironomus 
albipennis by Kornijow (1992). Not all species behave in this manner, 
however, with Cricotopus, particularly, remaining on stone surfaces 
over the winter (Chapter 4). The decline in abundance of chironomids 
appeared to be due to another factor. Physical differences on both 
grooved and smooth remained constant over the course of the 
experiment. The only biological difference recorded as changing during 
the experiment was the increased density of Tinodes on both types of 
tile. Tinodes, therefore, may directly compete with chironomid larvae 
for space and food resources on the tiles, or physically remove or 
disturb the chironomids (for example by monopolising the space on the 
tile for construction of their own galleries). The species composition of 
algae on substrata may also change throughout the experiment so 
influencing the abundance of chironomids. 
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6.5 Conclusions 
Results from these experiments and observations are consistent with 
the control of littoral filamentous algae - both Cladophora and 
blue/green algae - by Tinodes. In areas where they both occur at high 
density, Tinodes larvae appear to control Cladophora by grazing down 
the mature filaments. Despite the strong herbivory by nnodes on 
Cladophora, the survey of natural stones (discussed in Chapter 3) 
showed that the alga is still abundant in the open areas near trees - 
areas of high Tinodes density. The experiment on colonization of 
artificial substrata (Chapter 5) has shown that Cladophora can escape 
from nnodes grazing both temporally, by colonising new substrates 
during periods of low Tinodes colonisation and grazing activity, and 
spatially, by growing on substrata in areas that nnodes larvae are 
unable to reach. This further experiment has demonstrated the 
additional 'escape' of Cladophora filaments on tall substrata. 
Both Tinodes and Cladophora act as 'keystone species', in that they 
influence the densities and distributions of many other species directly 
or indirectly. Cladophora is used indirectly by many invertebrate 
species in the littoral, especially chironomids and Asellus aquaticus, for 
several reasons. These may include protection from predators and 
possibly wave action, physical structure facilitating tube building and 
possibly because of the enhanced food supply found among the 
filaments. Cladophora filaments are eaten by Tnodes. n nodes can, 
therefore, indirectly influence the density and distribution of other 
invertebrates by removing Cladophora and promoting a prostrate, 
grazer-resistant algal layer to grow in its place. This latter is an 
unsuitable habitat for most other invertebrates. In this way, Modes 
behaves like the (much larger) crayfish Orconectes propinquus, that is 
reported to act as a keystone species by grazing Cladophora and so 
influences densities of other species that depend either on Cladophora 
mats or on Cladophora-free patches (Hart 1992, Creed 1994). 
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Chapter 7 
Trophic interactions between littoral invertebrates and 
micro-algae in summer 
7.1 Introduction 
Both consumer-controlled, top-down or producer-controlled, bottom- 
up forces in freshwaters are found to operate in streams (Rosemond 
et al. 1993, Hill et al. 1992, Pan & Lowe 1994) and lakes (McQueen 
et al. 1986, Carpenter et al. 1987, Mazumder et al. 1989, Hansson 
1992). The relative importance of either kind may depend on both 
the food web structure (Carpenter et al. 1987, Hansson 1992), 
overall trophic status of lake (McQueen et al. 1986) or lake 
morphometry. As an example of the last of these, deep lakes are 
typically found to be governed by bottom-up forces and shallow 
lakes by top-down forces (Moss et al. 1994, McQueen 1990, 
Carvalho 1994). In deep lakes, the limitation of nutrients in the 
surface waters, following the onset of summer stratification, may be 
expected seasonally to change the relative roles of top-down or 
bottom-up forces. There are few studies on the seasonal dynamics of 
trophic control in lakes, however, although one such study by Vanni 
& Temte (1990) found that bottom-up forces operated in the 
summer, during periods of low nutrient supply in the surface 
waters, whereas top-down forces were prevalent in spring, before 
the onset of stratification. Littoral communities in seasonally- 
stratifying lakes may be expected to suffer similar nutrient 
limitation in summer as the epilimnion of the lake, as long as 
nutrient-enrichment from terrestrial or benthic sources is limited. 
There are few studies on littoral epilithic algal-grazer interactions 
and little information exists on any role for stratification in 
structuring such communities. 
It has been shown that biomass and productivity of epilithic algae 
in Crosemere declines from late winter/early spring to a minimum 
in July (Chapters 3& 5). This decline may be due to increasing 
grazing in spring and summer ('top-down' control), or to decreasing 
nutrient concentrations in the surface waters, including the littoral 
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('bottom-up' control). The abundance of retreat-dwelling epilithic 
invertebrates increased in spring and summer due to recruitment 
and growth (Chapters 3& 5). This increased grazer abundance, 
partly of obligate epilithic algae scrapers (Tinodes and Cricotopus), 
and partly of facultative algae scrapers (Glyptotendipes, 
Microtendipes), may be expected to exert a strong influence on algal 
biomass and growth. There will also be greater abundance and 
activity of other algal consumers, such as snails, Asellus and 
Gammarus. In addition to a greater abundance of grazers, however, 
the surface waters of the lake, which 'bathe' the littoral, may be 
deficient in nitrogen in summer (Chapter 3). This may effect 
epilithic algae, reducing their growth and/or standing biomass. 
The micro-scale abundance of Cricotopus larvae was positively 
related to that of Tinodes larvae on substrata covered in thin 
highly-grazed algal biofilms on stones in shaded, shallow areas 
(Chapter 4). This could be due to two possible factors. Firstly, in the 
generally food-poor, shallow/shaded patches, enhanced algae 
associated with the galleries of Tinodes may attract Cricotopus 
larvae. Secondly, the Cricotopus larvae may associate with the more 
favourable habitat structure (i. e. roughness) afforded by the 
galleries on the smooth stone surfaces. In either case, large Tinodes 
larvae might be expected to ignore the small Cricotopus larvae 
around their galleries. 
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This chapter describes three experiments performed to investigate 
the trophic interaction between invertebrate grazers and micro- 
algae. 
i) The relative roles of bottom-up and top-down forces in structuring 
the epilithic algal-grazer community was examined in two 
experiments. The first experiment studied the response of littoral 
grazers to artificially-enhanced densities of algae on artificial 
substrata, over 35 days in August/ September 1994. The second 
experiment examined the relative importance of grazing in 
controlling seasonal algal abundance in summer, by examining the 
algal growth on artificial substrata, during the same period. The 
abundance of invertebrates was manipulated both by rendering half 
of the substrata inaccessible to non-swimming grazers and by 
applying an insecticide to some of the substrata to reduce the 
abundance of both swimming and non-swimming grazers. 
ii) The effect of Tinodes larvae on local epilithic algal growth was 
examined separately by introducing two sets of artificial substrata 
into the littoral, one set with artificially-enhanced abundance of 
modes larvae and the other set with no larvae on. Algal 
abundance was measured on the two sets of tiles after exposure for 
several days in the littoral. The experiment was performed in mid- 
August. 
278 
7.2 Methods 
Experiment 1. The effect of algal enhancement on 
invertebrate colonization 
Prior to the start of the experiment artificial substrata (9.5 x 9.5 cm 
unglazed quarry tiles) were placed in 50 litre tanks on the lake 
shore, containing lake water, sieved to remove all invertebrates and 
enhanced with a dozen drops of liquid plant fertilizer. No grazers 
were thus present in these tanks. After 10-14 days, tiles in tanks 
were covered in a dense mat of loose micro-algae, mainly single- 
celled greens. Half of these 'algal-enhanced' tiles, together with an 
equal number of blank tiles, were placed, at random, directly on the 
bed of the littoral in areas under or near to trees on 7th August 
1994. The remaining algal-enhanced tiles, again with an equal 
number of blank tiles, were raised above the lake bed on platforms. 
This method gave four groups of tiles: a) raised, algal-enhanced b) 
low, algal-enhanced c) raised, blank and d) low, blank tiles (Fig. 
7.1). In addition, a small quantity of clean sand and grit was added 
to all tile surfaces, to provide building material for retreat-dwelling 
larvae. Three tiles from each group were harvested on each of days 
2,4,8,12,16 and 34 (10th September) and sampled as for previous 
experiments (Chapters 5& 6). A small sub-sample of the algae from 
each tile was examined on a slide using a compound microscope at 
400 x magnification, to measure algal composition. The percentage 
cover of algal particles was visually asses d, using the categories of 
loosely-attached, single-celled green alg lue-green filaments; 
green filaments; diatoms; blue-green ' matrix' and green 'matrix'. 
The mean was taken from each group of tiles. 
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Fig. 7.1: Diagram of field experiments 
1. The effect of algal enhancement on invertebrate colonization 
A Raised tile 
Algal-enhanced 
AW Low tile 
248 12 16 34 
Blank Day of sampling 
2. The effect of grazer abundance on algal growth 
ýýoýýý 
Undisturbed tiles Disturbed tiles Disturbed and 
pesticide-treated tiles 
3. Tinodes density and algal biomass on tiles 
Tinodes galleries 
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Experiment 2. The effect of grazer abundance on algal 
abundance 
Thirty clean, unglazed, 15 x 15 cm quarry tiles were divided into 
two groups. These tiles were then placed at random, in areas near 
to or under trees, half directly onto the lake bed and half raised 
above the bed on platforms (Fig. 7.1) on 28th July. Both groups of 
tiles were then subjected to three further treatments. Five tiles in 
each group were left undisturbed until the end of the experiment, 
while five were periodically taken out of the water and sprayed with 
a bio-degradable pyrethrum-based insecticide. These were then 
rinsed in clean lake water, in a tray on the shore, and replaced as 
before, either on the bed or on the platform. The remaining five tiles 
in each group were also removed from the water and replaced 
without spraying with the insecticide, to control for the mechanical 
disturbance caused by removing the tiles from the water. There 
were thus six treatments a) raised, undisturbed, b) raised, pesticide 
treated, c) raised, disturbance controlled, d) low, undisturbed, e) 
low, pesticide treated, f) low, disturbance controlled. Tiles were 
sampled on 13th September. 
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Experiment 3. Tinodes density and algal biomass on tiles 
The effect of Tnodeslarvae on micro-algal abundance was assessed 
independently from that of other grazers. Individual small, clean, 
9.5 x 9.5 unglazed quarry tiles were placed in individual plastic 
containers containing filtered lake water, sited at the edge of the 
lake. Sand and grit was sprinkled onto the tops of these tiles. 
Twenty fourth and fifth instar larvae of Tnodeswere then collected 
from the littoral and added to each container and tile. Most of these 
larvae then constructed galleries on the tiles within two days. In 
addition to filtered lake water being used, containers were placed in 
heavy shade under bushes to ensure that there was minimal algal 
growth on these tiles during this period. Fifteen tiles with resident 
Tinodes larvae were then placed at random along the shore in areas 
near to or under trees, together with 15 further tiles without larvae 
(Fig. 7.1) on 10th August. These also had sand and grit sprinkled on 
them. Both groups of tiles were harvested after 8 days in the lake. 
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7.3 Results 
Experiment 1. The effect of algal enhancement on 
invertebrate colonization 
On 'algal enhanced' tiles, there was a very strong and rapid 
reduction in algal biomass in the first few days, but the decline was 
more rapid on low tiles (Fig. 7.2). The greatest difference between 
raised and low tiles was on day 2. Between 8 and 16 days there was 
little difference between raised and low tiles. On day 34 there was 
again more algae on raised tiles than low tiles. There was an overall 
significantly greater abundance of algae on raised tiles (Table 7.1). 
On blank' tiles, however, there was no overall significant effect of 
tile position on algal abundance (Fig. 7.2; Table 7.1). 
Both Cricotopus and Glyptotendipes showed a strong initial 
response to the algal-enhanced tiles, and there were significant 
differences between raised and low tiles (Fig. 7.2; Table 7.1). There 
was marked colonization of Cricotopus on raised tiles, with 
abundance peaking after 4 days and declining until 16 days. 
Abundance was greatest after 34 days. The abundance of 
Glyptotendipes reached an asymptote after 4 days but declined after 
16 days and did not increase afterwards. There was an overall 
highly significant greater abundance of both Cricotopus and 
Glyptotendipes on raised tiles (Table 7.2). Although there was no 
significant difference in algal biomass between raised and low 
blank' tiles, there was a significantly greater overall abundance of 
both chironomids on raised tiles (Fig. 7.2; Table 7.1). 
The algae on the algal-enhanced tiles at the beginning of the 
experiment were dominated by members of the green algae, such as 
Pandorina, Pediastrum, green coccoids, desmids and a few 
filaments, such as Stigeoclonium- all large loosely attached algae 
('non-matrix' green algae) (Fig. 7.3). After 4 days exposure, the 
raised algal-enhanced tiles were dominated by smaller, green 
coccoid cells embedded in a'matrix' - probably of polysaccharide 
origin. The low algal-enhanced tiles were dominated by much 
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Fig. 7.2: Biomass of algae and invertebrates colonizing tiles over time. 
Tiles were either raised above the lake bed on platforms (raised tiles) 
or placed directly on the bed (low tiles). Three tiles of each position were 
sampled at 2,4,8,12,16 and 34 days. Two sets of tiles were used: one 
set was initially blank ('Blank') and the other set had a high initial 
abundance of micro-algae ('Algal enhanced'). Mean ±1S. E. 
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Fig. 7.3: Percentage algal composition on tiles over time, for both 
raised and low algal-enhanced and blank tiles. Mean of 3 tiles. 
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smaller blue/green coccoid cells embedded in a similar matrix. The 
larger green coccoid 'matrix' largely persisted on the raised algal- 
enhanced tiles until day 16, as did the blue/green matrix on the low 
algal-enhanced tiles. Blank tiles developed blue/green matrix only. 
At day 34, all tiles were dominated by diatoms, mainly 
Gomphonema and Amphora, with some blue-green filaments, 
typical of autumn/winter growths of epilithic algae. 
Experiment 2. The effect of grazer abundance on algal 
abundance 
The two manipulations of tiles - either raising them above the lake 
bed or placing them directly onto the bed and spraying some of 
them periodically with a pesticide, resulted in significantly different 
abundances of Cricotopus, which was the major invertebrate 
colonizer of tiles during the experiment (Fig. 7.4; Table 7.2). There 
were no significant differences in the abundance on tiles of Tiedes 
or Endochironomus. There was no significant difference in the 
abundance of algae and invertebrates between 'undisturbed' and 
'disturbance-controlled' tiles, demonstrating that differences 
between 'undisturbed' and 'pesticide-treated' tiles was due solely to 
the pesticide treatment. The greater abundance of Cricotopus on 
raised tiles is consistent with the results of experiment 1 above, 
where chironomids were more abundant on raised tiles. Despite the 
differences in Cricotopus abundance, there was no significant 
difference in algal abundance on tiles (Fig. 7.4; Table 7.2). 
Experiment 3. Tinodes density and algal biomass on tiles 
Both Tinodes density and the biomass of algae were greater, after 
eight days in the lake, on the tiles to which fifth instar Tinodes had 
been added (Fig. 7.5; Table 7.3). 
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Fig. 7.5: Density of Tinodes larvae and algae (as chlorophyll a density) on tiles, 
sampled after 8 days exposure in the lake, with two treatments: 
a) tiles with artificially-enhanced late-iristarTinodes densities at T=O 
and b) blank tiles at T=O. Mean ±1S. E. 
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Table 7.3: One-way ANOVA with 7inodes and chlorophyll a density as 
dependent variables and ? `indes-enhancement as main effect. August 
1994. 
***=P<0.001 **=P<0.01 *=P<0.05 t=P<0.1 
Species DF F P 
Tinodes 1,30 82.855 <0.001*** 
Chlorophyll a 1,30 28.514 <0.001*** 
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7.4 Discussion 
The effect of algal enhancement on invertebrate 
colonization 
Communities of algae and invertebrates on tiles were characterised 
by two processes: interactions between invertebrates and the 
artificially-enhanced density of micro-algae and subsequent 
colonization of natural densities of invertebrates and algae (Fig. 
7.2). 
Following introduction of tiles with artificially-enhanced algae, 
consisting of large, loose 'non-matrix' Green algae, there was a very 
rapid colonization by invertebrates. This in turn seemed to have 
caused a rapid reduction in the abundance of these algae. Grazers 
thus exerted a strong top-down effect on palatable, easily available 
algae, reducing their density to very low levels within a few days. 
There were significant differences in the algal-grazer interaction 
between raised and low tiles, however. The algal layer on tiles 
accessible to all grazers was reduced, after four days, to a thin 
biofilm of blue/green coccoid algae embedded in a polysaccharide 
matrix. This matrix is commonly seen on stone surfaces in 
freshwaters (Lock et al. 1984) and may act to protect algal cells from 
grazers. The algae on raised tiles (inaccesible to crawling grazers) 
were reduced to larger, green coccoid algal cells in a polysaccharide 
matrix. These cells may have dominated, rather than blue/green 
coccoid algae, because of a lower grazing pressure on the raised 
tiles. The overall abundance of algae was also significantly lower on 
low tiles, suggesting a higher overall grazing activity on these tiles. 
This effect was unlikely to be due to chironomids, as they were 
significantly more abundant on raised tiles. It is thus possible that 
crawling invertebrates, such as Asellus oquaticus, Gammarus 
aquaticus, cased caddis larvae and snails exert a greater grazing 
effect than chironomids. Both Asellus and Gammarus were very 
common in the littoral of Crosemere during the summer. Their 
abundance in the sand/gravel layer was measured during 1994 (Fig. 
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7.6) in the same survey of invertebrates in the sand/gravel layer 
described in Chapter 4. Asellus reached a peak in density (approx. 
0.25 cm-2 / 2,500 m-2) in July and maintained this density during 
the summer and autumn. Gammarus was less abundant, reaching a 
peak in density in June (0.18 cm-2 / 1,800 m-2) and declining quickly 
afterwards. Both species are reported to feed on algae, leaf 
material, fungi and invertebrates (Moore 1975, Soszka 1975, 
Marcus et al. 1978, Graca et al. 1993). Removing tiles in this 
experiment from the water for sampling usually either dislodged 
the crawling invertebrates, or caused them to move off themselves. 
It was thus not possible to measure accurately the abundance of 
these on the tiles. Asellus were, however, observed to be extremely 
abundant on newly-introduced, algal-enhanced 'low' tiles. 
Chironomids have been found to respond to high algal abundance in 
number of other studies. For example, the response of chironomids 
to seasonal high algal abundance in lake littorals has been reported 
to influence the switch in habitat from mud or sediment to 
epiphyte-covered macrophyte surfaces (Mason & Bryant 1975, 
Kornijow 1992). Chironomids have also been shown to very 
responsive to algal patches in laboratory studies (Gresens & Lowe 
1994) and to exhibit strong selectivity for preferred types of algal 
food (Botts & Cowell 1992). Chironomids in this second study were 
found strongly to prefer desmids and filamentous green algae 
(Oedogonium and Spriogyra spp. ) and show the least preference for 
diatoms (Botts & Cowell 1992). The rapid response to the enhanced 
algal abundance in Crosemere in summer suggests that although 
'normally' living in fixed retreats, the populations of Cricotopus and 
Glyptotendipes in the littoral include a large fraction that are free- 
living at any one time, presumably searching for suitable habitats 
or food. In the previous chapter, late-instar larvae of Tinodes were 
found to colonize food-rich (Cladophora) patches within a few days, 
indicating that there was also a considerable free-living fraction of 
the Tinodes population. 
In previous studies of retreat-dwelling caddis larvae, 
includingTinodes waeneri (Hasselrot 1993), Leucotrichia pictipes 
and Psychomyia flavida (Hart 1983,1985, McAuliffe 1984a), larvae 
were only rarely found to leave their galleries. Retreat-dwelling 
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Fig. 7.6: Density of Asellus and Gammarus 
in sand/gravel layer. March-November 1994. 
N=6. Mean +1S. E. 
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Q bi) 
4.2 
chironomids, however, have been found commonly to leave retreats, 
due to food depletion and territorial aggression (Wiley & Warren 
1992) and Cricotopus sylvestris has been found to be free-living in 
unproductive arctic lakes (Cuker 1983). It is possible that nutrient 
depletion in the stratified surface waters of Crosemere during 
summer (discussed in Chapter 3& 5) reduces the nutrients in the 
stony littoral waters, which in turn imposes strong resource 
limitation on grazers during this time. Although nutrients (mainly 
nitrogen and phosphorous) have been found to limit primary 
productivity in several stream studies (Hart & Robinson 1990, Hill 
et al. 1991, Rosemond et al. 1993, Pan & Lowe 1994), there may be 
less seasonal nutrient depletion in summer in lotic systems. 
There also appeared to be competition between crawling grazers 
and chironomids. On the algal-enhanced tiles, chironomids were 
significantly less abundant on low than on raised tiles. The greater 
abundance on algae on raised tiles suggested that crawling grazers 
were competing exploitatively with chironomids for algae on the low 
tiles. Additionally, there was also a significantly greater overall 
abundance of chironomids on raised than low blank tiles, despite no 
overall difference in the abundance of algae. Crawling grazers, such 
as Asellus, may therefore have been reducing the abundance of 
chironomids by interference competition, as well as exploitative 
competition. Swimming Chloeon dipterum mayfly nymphs were 
recorded on tiles (albeit at low densities) only during the first two 
days and only on the raised tiles, indicating a competitive effect by 
the crawling invertebrates on these species as well. 
One important factor influencing the distribution of chironomids on 
tiles may be the amount of sand and grit available for retreat- 
building. This material was added to all tiles at the beginning of the 
experiment. After a few days, it was observed that there was very 
little sand/grit left on the low tiles. It is possible that the movement 
or physical disturbance by snails and Asellus was responsible for 
its removal. Interference competition between crawling 
invertebrates and chironomids may, therefore, partly be due to 
physical disturbance of the chironomids themselves and/or to 
removal of material needed by chironomids for construction of 
retreats. 
295 
Snails have been shown to exert a strong competitive effect on other 
invertebrates in littoral habitats, particularly on retreat-dwelling 
larvae (Cuker 1983), by disrupting their retreats and by direct 
physical contact. Lymnaeid snails are also reported to feed on 
animal food, so may actively predate chironomids. Snails were also 
found to exert an interference effect on chironomids in a littoral by 
reducing chironomid activity (Gresens 1995). In lotic systems, 
snails can also be strong exploitative competitors by reducing the 
algal resources available to other grazers (Hawkins & Furnish 
1987). The presence of snails was found to reduce the biomass of 
Neophylax caddis larvae in streams, compared to streams without 
snails, via their exploitation of algal resources (Hill et al. 1992). 
Very little work has been done on the potential competitive or 
predatory effects of Asellus, other than that by Soszka (1975), who 
found the remains of cladocerans, chironomids, nematodes and 
rotifers in Asellus guts and Hargeby (1990) who found that Asellus 
and Gammarus were able to competitively exclude chironomids 
from macrophyte beds in a lake littoral. 
The lack of any significant difference in overall algal abundance on 
raised or low blank tiles (Fig. 7.2; Table 7.1), indicates that during 
the summer, grazing by benthic herbivores has little effect on 
micro-algal abundance on substrata (as was suggested for 'monthly' 
tiles in Chapter 5). This was investigated more fully in the second 
experiment. 
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The effect of grazer abundance on algal growth 
Algal biomass (Chapter 3) and productivity (Chapter 5) on 
substrata in the littoral declined steeply from February to a 
minimum in July 1993 and July/August 1994. This decline 
appeared to be a product of declining nutrient concentrations in the 
surface waters in summer, particularly of nitrogen. Grazing, 
however, may have contributed, or even been primarily responsible. 
In particular, grazing by the crawling, free-living invertebrates may 
be important, given their abundance in the littoral during the 
summer. The previous experiment demonstrated the ability of these 
invertebrates rapidly to reduce the abundance of palatable algae on 
accessible tiles. 
Manipulation of the abundance of crawling and swimming grazers 
on artificial substrata had no significant effect on algal abundance 
(Fig. 7.4), which only attained a relatively low biomass during the 
six weeks of the experiment -a similar result to that seen on low 
and raised blank tiles in the previous experiment. It is clear, 
therefore, that epilithic algae are not controlled by grazing during 
the summer in Crosemere, either from crawling grazers, such as 
snails and Asellus, or from swimming grazers, such as chironomids, 
although it is possible that benthic microcrustacea were 
responsible. No evidence for this was found. 
Invertebrate grazers have reported to control algal abundance in 
lake littorals in some studies, but not in others. Periphyton was 
found to be more abundant in (Canadian) lake enclosures after the 
addition of planktivorous fish, which reduced the abundance of 
amphipods (Hyalella azteca) and chironomids (Mazumder et 
at. 1989). These invertebrates were, therefore, significant controllers 
of the periphyton in the lake. Chironomids were also found to 
reduce the abundance of periphyton on reed stems, in comparison 
with glass rods that had fewer chironomids on them (Mason & 
Bryant 1975). However, most littoral studies involving small 
invertebrates, including chironomids, have found little or no effect 
of grazers on algal abundance or community composition, except on 
favoured algal food species. For example, small invertebrates, 
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mainly chironomids, had little effect on periphyton abundance in 
the littoral of a American softwater lake in summer (Fairchild et 
al. 1989). Littoral chironomids did not have any effect on total algal 
biomass but reduced the abundance of desmids (Botts 1993). In 
laboratory experiments on littoral algae-chironomid interactions, 
high food enhanced the abundance of chironomids, but grazing did 
not alter periphyton abundance or species composition (Gresens and 
Lowe 1994). In littoral enclosures, chironomids actually increased 
the abundance of periphyton, through fertilization effects (Gresens 
1995). Perhaps the timing and extent of stratification of the lakes in 
these studies influenced the nutrient supply to littoral algae, which 
may have partly determined the degree to which algae were 
controlled by grazing or by nutrients. 
In a study of a seasonally-stratifying Wisconsin lake, the relative 
strengths of lim. netic grazing and nutrient limitation were 
investigated during the course of a single growing season (Vanni & 
Temte 1990). It was found that the spring bloom of phytoplankton 
was strongly controlled by grazers while nutrients (nitrogen and 
phosphorous) had little affect. In summer, however, nutrient 
limitation in the stratified surface waters became severe and 
grazing had little effect. 
The results from these two experiments suggest that while benthic 
invertebrate grazers may depress the abundance of palatable forms, 
such as desmids and other large green single-celled algae, they do 
not limit the overall abundance of epilithic algae in summer, that 
instead are probably limited by nitrogen. This nutrient has been 
reported to fall to very low levels in the surface waters of Crosemere 
during stratification (Reynolds 1975, Moss et al. 1992). 
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Tinodes density and algal biomass on tiles 
Grazers are usually found to reduce algal abundance (e. g. Hill et 
al. 1992, Rosemond 1993, Rosemond et al. 1993, Pan & Lowe 1994, 
McCormick 1994). However, algal enhancement can also occur 
(Sterner 1986, McCormick & Stevenson 1989, McCormick1990, 
Vanni & Findlay 1990). Stimulation of algal growth by consumers 
generally takes place under conditions of nutrient limitation 
(McCormick 1990) and will depend on the type or size of both 
consumer and alga (Bergquist & Carpenter 1986, McCormick 1990). 
The scale of the interaction between consumer and algae also plays 
a major role, with nutrient-enhancement by grazers being more 
important at smaller scales, where the nutrients released by 
grazers are used locally by the algae upon which they are feeding 
(Lehman & Scavia 1982, McCormick 1990). This may be 
particularly evident for benthic surfaces, where nutrient-rich faeces 
deposited by grazers may fertilise algae (Cuker 1983, Gresens 
1995). 
Retreat-dwelling invertebrates such as the larvae of some caddis 
and chironomid species, by excreting body waste in or beside their 
retreats, may have a particularly strong enhancement effect on 
benthic algae (Pringle 1985, Hershey et al. 1988, Cox & Wagner 
1989, O'Connor 1993). The retreats of Tinodes waeneri have also 
been shown to contain enhanced nutrient concentrations and to 
have abundant algae on the outside (Hasselrot 1993). 
Artificially increasing the density of fifth instar larvae of 7modes in 
galleries on artificial substrata resulted in a significantly higher 
abundance of algae, than on tiles with no initial increased density 
(Fig. 7.5). This apparent enhancement of algal biomass by Tinodes 
in galleries could have resulted from nutrient enrichment within 
galleries. This process may act to enhance the densities of small 
chironomids, such as Cricotopus (discussed in Chapter 4) which 
may associate with the caddis galleries due to the higher food 
levels. This interaction of enhancement by one grazer of another 
has been also reported for Cheumatopsyche (Trichoptera: 
Hydropsychidae) larvae, that build silken retreats and Baetis 
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mayflies, that associate with the algal-rich caddis retreats 
(O'Connor 1993). 
The abundant algae on retreats of n nodes and chironomids 
(Hershey et al. 1988, Hasselrot 1993) and within the cases of 
Agapetus fuscipes (Cox & Wagner 1989) may provide the insect 
larvae with food during periods when algal production outside 
retreats is low. This could occur in the littoral of Crosemere in 
summer, as discussed above. Partial 'trophic independence' from 
exterior conditions of larvae in nutrient-rich galleries, could give 
retreat-dwellers an advantage over more mobile grazers and 
explain their abudance in Crosemere. 
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7.5 Conclusions 
1. Experimental manipulation of algal abundance (a 'bottom-up' 
manipulation) or the abundance of grazers (a'top-down' 
manipulation) in the littoral of Crosemere in August/September 
1994 demonstrated the bottom-up constraints on both algae and 
invertebrates during this period. 
2. Swimming (mostly chironomids) and crawling (mainly Asellus 
and snails) grazers exerted a strong top-down effect on palatable 
micro-algae, rapidly reduced their abundance on tiles placed in the 
littoral of Crosemere in summer. Grazer-resistant algal 
communities, dominated by coccoid cells embedded in a cytoplasmic 
matrix, replaced more palatable forms, chiefly large, non-attached 
single-celled green algae, after a few days. 
3. The influence of crawling grazers on micro-algae, both in terms of 
abundance and community composition, appeared to be more 
pronounced than that of swimming chironomids, perhaps due to 
their greater size or larger mouthparts, or simply because they were 
more abundant. 
4. The greater abundance of chironomids on both algal-enhanced 
and blank tiles that were less accessible to crawling grazers 
suggested both exploitation and interference competition between 
these two guilds of grazers. 
5. The rapid colonization of algal-enhanced tiles by normally 
retreat-dwelling chironomids might indicate that these 
invertebrates were strongly food-limited in the littoral of Crosemere 
during summer. 
6. Manipulation of crawling and swimming grazers on tiles in 
summer produced little effect on the abundance of epilithic micro- 
algae at natural densities, demonstrating the grazer-resistant 
nature of the algal biofilm during this time. It is thus likely that 
micro-algae in the littoral of Crosemere are limited by the supply of 
nutrients in the surface waters, due to stratification of the lake into 
301 
epilimnion and hypolimnion, rather than by grazers, although these 
may control the abundance of grazer-vulnerable, palatable forms. 
The low algal production in summer may also then strongly limit 
the abundance of benthic grazers. In this respect, the seasonal 
abundance and control of epilithic algae behaves in a strikingly 
similar manner to the phytoplankton in the lake limnetic, where 
algae in summer stratified waters are controlled more by nutrient 
limitation than by grazing. 
7. Large Tinodes larvae enhanced the abundance of micro-algae in 
and around their galleries. This was probably due to nutrient- 
enrichment of epilithic algae by larval waste. It is possible that this 
effect was partly responsible for the association of small Cricotopus 
larvae with the galleries of 7inodes (discussed in Chapter 4) and, 
further, that retreat-dwelling larvae may be able to enhance their 
food intake during the summer months of low nutrient supply in 
the littoral by feeding off this algae in their galleries. This could 
explain why retreat-dwelling invertebrate species dominate the 
epilithic littoral community, rather than free-living forms. 
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Chapter 8 
General Discussion 
The survey of natural stones in the first year of the study clearly 
demonstrated the spatial and temporal patchiness in the epilithic 
community of the littoral in Crosemere. Both position with respect 
to bankside trees along the shore and depth strongly influenced the 
abundance and distribution of algae and invertebrates on the stone 
surfaces. In addition, there was a marked seasonal pattern, with a 
high summer abundance of invertebrates, coinciding with a very 
low algal abundance. 
The influence of bankside trees on algae and invertebrates 
appeared to be strongest in summer. Depth was only a significant 
factor in the abundance of invertebrates in winter and appeared not 
to be important in governing the overall biomass of algae. Trees are 
likely to reduce the amount of primary production on stones, 
through the effects of canopy shade. Many authors have found light 
levels to be a profound influence on production of benthic algae in 
streams and lake littorals (Auer et al. 1983, Turner et al. 1983, Hill 
& Knight 1988, Steinman et al. 1989, DeNicola & McIntyre 1990, 
Hill & Harvey 1990), including Cladophora (Whitton 1970 Blum 
1982). Animal consumers may also be influenced by the limitation 
of their algal food (Reed et al. 1994, Behmer & Hawkins 1986) by 
tree shade. The shading effect of trees, however, appeared to be 
only partly responsible for algal and invertebrate patchiness in 
Crosemere. The spatial patchiness of algae on stones in summer 
was chiefly due to the differences in the abundance of Cladophora 
which, although lower in shaded areas, was greater on stones in 
deeper water, despite these receiving less light than those in the 
shallows. In addition, the abundance of Cladophora was very 
different on individual neighbouring stones in the open areas, 
sampled repeatedly over the year. These were subject to very 
similar light conditions and thus demonstrated that light cannot 
have been solely responsible for its distribution. There was also 
little difference in overall algal abundance between open and 
shaded areas in the first half of the year studied. There appeared, 
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therefore, to be constraints on algal abundance other than that due 
to shade. 
Epilithic invertebrates also showed no consistent response to light 
conditions. Densities of three species, Ti nodes waeneri, Cricotopus 
sylvestris and Microtendipes pedellus, were all higher in shaded 
areas than in open areas in spring, whereas densities were similar 
or higher in the open later in the summer. There did not appear to 
be a straightforward response of invertebrate grazers to shade, 
through the abundance of their algal food. Instead, the survey of 
natural stones indicated that there were more complex interactions 
between trees, Tinodes, Cladophora and chironomids. Cladophora 
had the lowest abundance in summer on stones in shallow, shaded 
areas, which were dominated by Tinodes larvae. It was possible, 
therefore, that Tinodes was reducing the Cladophora on stones in 
these areas. Chironomids may have been more abundant in open 
areas, due either to an positive association with Cladophora, itself 
more abundant in the open, or to avoidance of ? indes larvae in 
shaded areas. 
While there was strong spatial patchiness both between groups of 
stones or between neighbouring stones, there was also marked 
seasonal patchiness in algal and invertebrate abundance. Algal 
abundance peaked in late winter and early spring, then declined 
sharply to a minimum in July. There was a small autumn recovery, 
before another early winter minimum. Cladophora abundance 
showed an opposite pattern, demonstrating that this alga, although 
abundant in the lake in summer, contributed relatively little to 
overall seasonal algal biomass (as chlorophyll a or ash-free dry 
mass). While some authors have attributed the seasonal decline of 
littoral benthic algae to grazing ( e. g. Cattaneo 1987, Mason & 
Bryant, 1975), there was little correspondence between the seasonal 
pattern of total algal and that of invertebrates, indicating grazers 
were perhaps not solely responsible for the seasonal decline in total 
algal abundance. A low supply of nutrients in the surface waters of 
Crosemere may have been a greater constraint on littoral algal 
biomass than were grazers. Nutrients were reported to fall to very 
low concentrations during summer stratification in previous studies 
on Crosemere by Reynolds (1975,1979). Results from the survey of 
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natural stones, therefore, suggested that biotic interactions may 
have influenced spatial patchiness in summer, but physical 
processes were more likely to have governed spatial, lake-wide 
processes. 
The distribution and abundance of epilithic invertebrates were 
examined more closely by measuring the densities of individual 
instars of each epilithic species on the stone surfaces. The most 
striking result was that early instars of Tinodes, Cricotopus and 
Microtendipes were all very abundant on shallow stones under 
trees in spring. Later instars were found in greater, or equal 
abundance in open areas, suggesting that larvae either suffered 
greater mortality in shaded areas or dispersed to open areas. The 
greater density of late instars of Tinodes on deep stones in winter 
and, especially, the almost total absence of pupae from shallow 
stones in spring also indicated that Tinodes either migrated to 
deeper water during autumn and winter, or suffered greater 
mortality in the shallows during this time. 
Studies on the distribution and abundance of individual instars of 
freshwater species have been focused largely on streams (e. g. Elliot 
1969, Otto 1975, Hart & Resh 1980, Gunn 1985, Waringer 1989). 
Stream flow will tend to redistribute early instars away from sites 
of adult oviposition and be a major, if not the dominant, 
determinant of larval distribution (Poll & Ward 1989,1990). In lake 
littorals, however, the lower hydraulic disturbance, particularly 
that which is lateral to the shore, makes it possible to investigate 
the distribution of instars and to relate these to biotic, rather than 
abiotic factors. In particular, for species that lay eggs at the water's 
edge, the distribution of first instars may reflect adult oviposition 
sites. 
The abundance of early instars on shallow stones under trees 
suggested that adults of Tinodes, Cricotopus and Microtendipes 
oviposited at the water's edge under trees. They may have done this 
as a result of their association with bankside trees för resting, 
maturation, feeding or swarming, where they merely oviposited in 
the nearest place following mating, or that oviposition was 
'triggered' most strongly at dusk in shaded areas -a 'neutral' 
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hypothesis. Alternatively, oviposition in these areas may have been 
adaptive. Adults may have suffered less predation under trees or 
eggs may have been less prone to desiccation. There is very little 
published information about the oviposition behaviour of aquatic 
insects, although those species that deposit their eggs on objects at 
the water margins are usually reported to use stones, tree roots or 
emergent vegetation. The role of the bankside vegetation in the 
ecology of these species, both in lake littorals and in flowing waters, 
is potentially one of great and hitherto ignored importance. 
The life cycles of epilithic species, extrapolated from the monthly 
larval collections, ranged from univoltine to multivoltine. Tinodes 
waeneri showed evidence of both a univoltine and bivoltine life 
cycle, in common with other studies of this species (Jones 1967, Dall 
et al. 1984). Some larvae may have experienced more favourable 
environmental conditions than others, allowing them to grow 
rapidly and complete development in the same stummer. 
Alternatively, it is speculated that there may have been genetic 
difference within the population, such that some larvae developed 
faster than others. Polymorphism in seasonal cycles is a common 
adaptation in other species, such as Drosophila, that can reduce the 
probability of extinction in unpredictable habitats and may allow 
populations to exploit seasonally variable habitats (Tauber and 
Tauber 1981, Southwood 1977). All the chironomids had at least 
two generations a year, a pattern seen in most other studies of 
temperate chironomids (Armitage et al. 1995). 
The much higher density of late, compared to early instars of 
epilithic species in open, deep areas indicated larval immigration 
into these areas, rather than lower mortality. Larvae may thus 
have dispersed away from shaded, shallow areas both along and 
down the shore. Chironomids also appeared to disperse into the 
sand/gravel layer surrounding stones, particularly in winter and 
also possibly during pupation, a pattern reported for littoral 
chironomids in other lakes (Kornijow 1992) During winter, and 
when pupating, the benefits of living on stone surfaces, in terms of 
greater food availability, may have been less than the costs of 
disturbance and predation on stones, possibly lower in the 
sand/gravel layer. Littoral chironomids, therefore, may have 
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evolved this behaviour of facultative algal grazing on stones as a 
means of both maximizing food intake and minimizing mortality 
from predation or disturbance. Tinodes and Cricotopus, both 
probably lotic in ancestry, appeared to be obligate stone dwellers, 
perhaps due to their higher oxygen demand. 
The high potential costs involved in dispersing to new habitats 
along the shore, both from increased predation risk and the time 
and effort in construction of new retreats, suggest that larvae 
dispersed only when conditions became unfavourable in shallow 
areas under trees. Tinodes dispersal in summer was possibly 
mediated by intense intra-specific competition for food and space. 
Open areas were dominated by later instars, indicating that these 
dispersed away from stones, rather than early instars, and thus 
that competition was more severe on large, rather than small 
instars -a similar pattern to that found for lotic T. rostocki (Becker 
1993). Early instars of Tinodes waeneri appeared not to be directly 
competitively excluded from substrata by larger instars. A similar 
pattern was also found for the low densities of Cricotopus larvae 
persisting on shallow stones under trees, dominated by ? modes. 
Results from the first year's survey were used to generate 
hypotheses concerning the organization of the epilithic community 
of algae and invertebrates, which were tested in a series of field 
experiments. One of the difficulties in ascribing community 
structure to species interactions is that organization of communities 
observed at any particular time may be due both to pair-wise 
species interactions within the habitat at that time and to historic 
effects (spatial and temporal) that have taken place since the 
habitat was initially colonized. Single observations in time of the 
habitat patch may not be able to distinguish between these two 
processes (Hastings 1987, Drake 1990, Drake 1991). We therefore 
need to observe the assembly of a community on new or vacant 
habitats over time to detect strong interactions between species and 
adequately to explain the processes underpinning the observed 
pattern. 
In the first experiment, artificial substrata were introduced into the 
littoral each month from February to November 1994 and harvested 
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either after one month, or in May, August or November. In this 
manner, the initial colonization of substrata by algae and 
invertebrates could be tracked over the year, together with 
subsequent changes in communities, as these 'matured' on 
substrata. These temporal changes in community composition were 
also measured in three different areas of the littoral. As Tinodes 
may potentially have influenced the abundance of Cladophora, and 
that distributions of larvae may have been closely linked with those 
of trees, substrata were placed under trees, in open areas near trees 
and open areas away from trees. 
Distinct temporal and spatial patterns in community structure 
were revealed by the experiment. In spring, substrata were rapidly 
colonized by non-Cladophora algae and chironomids. In summer, 
tiles were dominated by Tinodes larvae and micro-algae in some 
areas and by chironomids and Cladophora in other areas. The 
assembly mechanism of the community was thus one of tolerance, 
where a slower growing, more tolerant and competitively dominant 
species (Tinodes) invades and matures in the presence of earlier, 
faster growing, but less competitive species (chironomids) and 
eventually excludes them (sensu Connell & Slatyer 1977). As for 
natural stones, the community on artificial substrata appeared to 
be characterised by strong direct interactions between Tinodes and 
Cladophora and by direct and indirect interactions between Tinodes 
and chironomids. 
Tinodes was apparently unable to control Cladophora on substrata 
in areas more than a few metres away from trees. The survey of 
natural stones demonstrated that Tinodes adults oviposited largely 
under trees. Tinodes larvae are poor swimmers and disperse along 
the shore largely by benthic crawling. As a result, they may be 
unable to disperse to all areas of the littoral during one growing 
season, especially those areas many metres away from the nearest 
tree. Cladophora was apparently able to 'escape' grazing from 
Tinodes by virtue of the latter's inferior dispersal ability. Open 
areas away from trees thus acted as spatial refugia for Cladophora 
in the face of strong grazing control by Tinodes. 
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Co-existence of strongly interacting species can be facilitated by 
spatial and temporal patchiness either in the strength of the 
interactions or in the physical environment, where heterogeneity 
creates 'metacommunities' of species (Hanski 1991, Bengtsson 1991, 
Tilman 1994). Disturbance of substrata in streams can create areas 
where dominant competitors or grazers are temporally absent, so 
allowing vulnerable species to persist (McAuliffe 1984, Dudley & 
D'Antonio 1991). The differential dispersal and colonization 
abilities of strongly interacting species may be particularly 
important for community structure in habitats of relatively low 
physical disturbance, such as the lake littorals (Hargeby 1990, 
Tilman 1994). 
The experiment also demonstrated that local disturbance of stones 
in April, mimicked by the introduction of new substrata into the 
littoral in this month, can create 'temporal refugia' allowing local 
co-existence of Cladophora and Tinodes. This appeared to be due to 
newly introduced tiles having a temporarily low 71nodes 
abundance, allowing grazer-vulnerable Cladophora propagules to 
grow into more grazer-resistant larger filaments. Creation of these 
temporal refugia will depend on small scale disturbance episodes, 
such as the turning over of stones by biotic or abiotic forces. 
Temporal gaps in the abundance or activity of grazers have been 
reported by other authors to allow the persistence of marine and 
freshwater algae in the face of strong grazing pressure (Lubchenko 
1983, Feminella & Resh 1991, Hart 92). 
The spatial and temporal refugia allowing Cladophora to co-exist 
with Tinodes within the littoral landscape may also facilitate the co- 
existence of retreat-dwelling chironomids and T indes. Chironomids 
appeared both to associate with Cladophora filaments and to be 
more mobile than Tinodes, possibly due to their ability to disperse 
in the water column by 'swimming. A similar facilitation of co- 
existence of mobile chironomids with more effective grazers has also 
been reported from lake littorals by Cuker (1983). The role of 
spatial and temporal variation of biotic interactions in facilitating 
the co-existence of chironomids in the less disturbed littoral habitat 
contrasts strongly with the model of 'stochastic patch dynamics', 
where high physical disturbance maintains populations of all 
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species within the community at a low level, so reducing the 
potential for any one species competitively to exclude another 
(Tokeshi 1994). This may occur in ephemeral, patchy habitats, such 
as the growing tips of stream macrophytes (Tokeshi & Townsend 
1987) or in the beds of disturbed gravel streams (Schmidt 1992a, b), 
but in less disturbed habitats, governed by more deterministic 
process, direct or indirect competitive interactions may be more 
important (Cuker 1983, McAuliffe 1984a). 
Control of Cladophora by ? `indes may have influenced the local- 
scale spatial patchiness of algae in summer. However, neither 
grazer abundance nor local light availability appeared to exert any 
strong effect on the lake-wide, seasonal pattern of algal biomass on 
experimental substrata. As for the algae on natural stones in the 
first year survey, seasonal algal biomass appeared to be constrained 
by large-scale, lake-wide factors, possibly nutrient limitation in 
summer, rather than local-scale biotic or abiotic factors. 
Following this experiment, a series of smaller experiments were 
conducted in the summer of 1994, to further explore the 
relationship between Tinodes, Cladophora and chironomids and 
trophic relationships between micro-algae and grazers. 
Manipulating the accessibility of substrata to Tinodes, resulted in a 
greater abundance of both Cladophora and blue-green filamentous 
algae on substrata with a low abundance of Tinodes. This was 
consistent with the local control of Cladophora by Tinodes in 
summer, which was suggested by the results of both the survey of 
natural stones and the first experiment. Unexpectedly, Tinodes 
larvae appeared reluctant to crawl up vertical surfaces and thus 
colonized tall substrata less abundantly than low substrata. 
Observations of tall natural stones in the littoral also showed a 
greater abundance of Cladophora on taller stones. This suggested 
that, in addition to areas along the littoral where Tinodes were 
unable to disperse because of their slow method of movement, 
Cladophora was able to escape T indes grazing on the upper 
surfaces of tall stones, due to a behavioural response by Tandes. 
Other authors have reported the distribution or behaviour of caddis 
larvae to be affected by substratum morphology (Higler 1975, Hart 
1992), notably the closely related Psychomyia pusilla which was 
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also found more commonly on low, rather than tall substrata (Hart 
1992). 
In addition to a higher abundance of Cladophora on substrata less 
accessible to Tinodes, there was also a greater abundance of 
chironomids. A further experiment demonstrated that Cladophora 
was a highly favoured habitat for both chironomids and ? modes, 
with a high biomass of both rapidly colonizing low substrata with 
abundant Cladophora filaments. Chironomids, therefore, were 
positively associated with Cladophora, rather than negatively 
associated with Tinodes. Tinodes larvae thus largely controlled the 
abundance of chironomids indirectly, via their control of 
Cladophora filaments, though direct control may also have 
operated. 
The high numbers of Tinodes colonizing Cladophora in August were 
mainly fifth instars and demonstrated the attraction of Cladophora 
filaments to these larvae. Gut analysis of fifth instar T indes 
showed that Cladophora formed a considerable part of their diet in 
summer. This suggested that Tinodes controlled Cladophora by 
eating the filaments themselves. Many authors have also found 
Cladophora to be consumed by invertebrate grazers (e. g. Vaughn 
1986, Feminella & Resh 1989, Dudley & D'Antonio 1991, Hart 
1992, Creed 1994, Bergey 1995) despite the reported unpalatablity 
of this algae (Dodds & Gudder 1992). They may do so because other 
resources were limited, rendering Cladophora relatively more 
attractive (Skoog 1978, Dodds 1991, Bronmark et al. 1991). Tinodes 
are not obligate Cladophora consumers, as they can be found in 
habitats with no Cladophora (Hasselrot 1993). The rapid 
colonization of Cladophora in August by fifth instar n nodes 
suggested that these larvae may have been strongly food-limited 
during this time, perhaps due to the rarity of other, more nutritious 
food, during the period of low nutrient supply in summer. 
Chironomids may have been attracted to Cladophora filaments 
because of the high abundance of loose algae associated with the 
Cladophora mat, as has been found by other authors (Dudley et al. 
1986, Shannon 1994). The colonization by Tinodes and chironomids 
of Cladophora may also have been partly due to their affinity to 
substratum surface roughness, which may provide a more suitable 
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microhabitat for these epilithic species, as has been reported by 
other authors (Hart 1978, O'Connor 1991, Douglas & Lake 1994, 
Clifford 1992). The preferential colonization of experimental 
substrata with grooved surfaces, which partly reproduced the 
physical heterogeneity of Cladophora mats, was consistent with 
this view. Both 7inodes and Cladophora thus acted as 'keystone' 
species in that they influence the densities and distributions of 
many other species directly and indirectly, similar to interactions 
seen in some lotic systems (Hart 1992, Creed 1994). 
Both the results from the first year survey and the experimental 
colonization of artificial substrata each month, indicated that algal 
productivity declined to a very low level in July and August. 
Invertebrate grazing did not appear to be responsible for this 
seasonal decline, although it was responsible for local-scale 
patchiness in summer through the control of Cladophora by 
Tinodes. Further field experiments were conducted to determine if 
littoral grazers were controlling the abundance of benthic algae in 
summer. Experimental manipulation of the abundance of micro- 
algae and both swimming and crawling grazers, demonstrated that 
grazers exerted a strong top-down effect on the abundance and 
composition of certain species of micro-algae. Indirect evidence 
suggested that crawling grazers, such as Asellus and snails, 
exerted a greater effect than did swimming grazers, mainly 
chironomids. The greater abundance of chironomids on both algal- 
enhanced and initially clean substrata that were less accessible to 
non-swimming grazers demonstrated that there was both 
exploitation and interference competition between these two guilds 
of grazers. 
Artificially-enhanced densities of palatable algae, dominated by 
large, loosely-attached green single-celled algae, such as desmids, 
were rapidly stripped off substrata, to be replaced by more grazer- 
resistant algal communities, dominated by small coccoid cells 
embedded in a cytoplasmic matrix. The experimental manipulation 
of invertebrate grazer density in summer showed that grazers were 
not responsible for the low abundance of micro-algae during this 
period. The summer biomass of algae was thus constrained by 
factors extrinsic to the epilithic community, the most likely factor 
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being nutrient supply. The rapid colonization of algal-enhanced 
substrata by chironomids indicated that these were also possibly 
food-limited in summer, as suggested for Tinodes larvae. 
The trophic interactions in the littoral epilithic community was 
strikingly similar to that seen in the limnetic zone of stratifying 
lakes. In these habitats, algae have been reported to be constrained 
by grazing in spring, when there are abundant nutrients, and by 
nutrient supply in summer, following the onset of stratification 
(Vanni & Temte 1990). Algae during this period also tend to be 
more grazer-resistant. In this respect, then, the littoral in 
Crosemere can be viewed as an extension of the limnetic habitat, 
where the control of primary producers is determined by nutrient 
supply in summer. Nutrient limitation in surface waters of 
stratifying lakes may be expected to be a major constraint on stony 
or sandy littoral communities, although very little research has 
been carries out in this area. 
A further field experiment was conducted on the very small-scale 
control of algal productivity, immediately around the galleries of 
Tinodes larvae. It was found that large Tinodes larvae enhanced 
the biomass of micro-algae on or around galleries. This was 
probably due to nutrient-enrichment of epilithic algae by the 
metabolic and excretory waste from larvae. Nutrient enhancement 
by grazers, reported in other habitats (Sterner 1986, McCormick & 
Stevenson 1989, McCormick 1990, Vanni & Findlay 1990), 
generally takes place under conditions of nutrient limitation 
(McCormick 1990), and may be particularly evident for benthic 
surfaces, where nutrient-rich faeces deposited by grazers may 
fertilise algae (Coker 1983, Gresens 1995). 
The enhanced levels of algae seen on retreats of Tinodes and other 
retreat-dwelling insect larvae (Pringle 1985, Hershey et al. 1988, 
Cox & Wagner 1989, O'Connor 1993, Hasselrot 1993) may allow 
larvae to maintain feeding during periods of either low food 
production or disturbance, when feeding outside retreats or cases 
may be curtailed. Partial 'trophic independence' from exterior 
conditions of larvae in nutrient-rich galleries, may enable them to 
survive and grow in the nutrient-limited stony littoral, whereas 
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mobile algal grazers may be severely food-limited. This could partly 
explain why the stony littoral of Crosemere is dominated by retreat- 
dwelling algal grazers, rather than free-living grazers. 
Scale and patchiness in Crosemere 
This study on the stony littoral of Crosemere has demonstrated a 
'nested-hierarchy' of control processes, explaining spatial and 
temporal patterns observed at a variety of scales. 
At the largest scale, Crosemere owes its existence to geo- 
morphological processes at the end of the last ice age, some 14,000 - 
15,000 years ago. The retreat of the glaciers left a wide expanse of 
deep glacial till covering the north Shropshire plain. Depressions in 
the impermeable boulder clay, formed when the glaciers melted, 
trapped melt- and groundwater and became a series of lakes - the 
Shropshire Meres. These were naturally rich in nutrients, due to 
the high mineral content of the underlying till. Shallow depressions 
subsequently became filled with Sphagnum peat and other 
vegetation over the centuries and became the present-day Mosses', 
whereas deeper ones persisted as open water. Variation in the 
depth of the basins of these latter created a range of deep, summer- 
stratifying lakes and shallow, monomictic lakes. In addition, the 
surface area, site and aspect of lakes determined the type of 
shoreline that developed. If there was sufficient 'fetch' and wind 
exposure across the lake, wave action may have been strong enough 
to create an eroding, coarsely-sedimented shore facing the direction 
of prevailing wind, i. e. the south-west. Wind-sheltered areas in 
large lakes would tend to develop soft-sediment reed-swamp, which 
may cover the whole shoreline in smaller lakes. The epilithic 
community described in this study - 'typical' of fertile, hard-water, 
wave-exposed, stony littorals - was thus determined in the first 
instance by glacial action creating the physical habitat and, 
secondly, by the wide-scale colonization ability of the various 
organisms, following the improvement in climate as the glaciers 
retreated. Processes then occurred at smaller temporal and spatial 
scales which created 'patchiness' within this community. 
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Temporal changes 
The epilithic community changes over a nested hierarchy of 
temporal scales. Evolutionary change within species may take place 
over very long periods - probably longer than the lake's potential 
existence. Both Tinodes waeneri and Cricotopus sylvestris may have 
'recently' colonized stony lake littorals from ancestral habitats in 
streams and rivers. The community organization of littorals may 
have changed markedly as a result. Over many hundreds and even 
thousands of years, the community of organisms in the lake will 
change as new species colonize and others disappear as the physical 
nature of the lake slowly changes due to seral processes. A good 
example of this kind of process is seen in the rapid seral changes 
taking place in the much smaller, neighbouring Sweat Mere, where 
species typical of open water are being replaced by species typical of 
swamp and carr. This is happening in Crosemere, albeit at a very 
much slower pace. 
There are also changes in the lake over hundreds and even 
thousands of years due to human influences. Neolithic humans 
(whose traces are seen today in the mounds or barrows' on the 
north shore) may have changed the water supply to the lake, or at 
least the extent of bankside vegetation, by partial or total 
deforestation of the catchment. They may also have extensively 
fished the lake, or cut reeds. More recent changes have been due to 
agricultural development of the lake catchment. These have 
included drainage operations, resulting in the lowering of the lake 
level, fertilisation of fields around the lake, possibly increasing the 
nutrient concentrations and also changes in the nature of bankside 
vegetation, due to tree felling and grazing pressure from domestic 
animals. There has also been stocking of carp within the last 
several decades, which may have an important impact on littoral 
organisms. 
Variation in weather patterns in successive years, decades or even 
centuries may influence the recruitment, survival and mortality of 
epilithic organisms. This may have large effects on the community, 
especially if there is strong temporal variation of 'keystone' species, 
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such as Tinodes waeneri and Cladophora glomerata. Within a single 
year, the seasonal thermal stratification of Crosemere limits the 
availability of nutrients to organisms living in the surface waters, 
including the littoral, so influencing community composition and 
organisation, particularly the trophic link between primary 
producers and secondary consumers. Also annually, there is a 
seasonal cycle of recruitment and mortality of organisms along the 
shore. Biological processes, such as grazing, competition and 
predation may have seasonal, sub-seasonal or even diurnal patterns 
(for example, the foraging or hunting of invertebrates or fish on 
stone surfaces during the night). Physical processes, such as rapid 
changes in weather, or disturbance of the shore by cattle, may have 
strong effects over a few hours. An example of this short-term 
change is seen in the `breaking' of the meres, when normally 
neutrally - buoyant algae suddenly rise to the surface during 
periods of stronger wind action and accumulate as an algal 'scum'. 
Storms may also rapidly change the nature of the epilithic 
community by scouring organisms off stones or turning stones over. 
Spatial scales 
Patchiness occurs in the lake also at a nested hierarchy of spatial 
scales. Along the stony shoreline, grazing pressure by domestic 
sheep and cattle ( and perhaps tree-felling) has created a patchy 
distribution of bankside trees. This, in turn, constrains the spatial 
distribution of several epilithic insects that associate with trees as 
adults and lay their eggs underneath them. It has been shown that 
Tinodes tends to reduce the density of Cladophora and chironomids 
on stones under and near trees during summer, whereas these 
latter are abundant on stones in the open areas away from trees. 
The patchy distribution of trees thus directly and indirectly creates 
marked spatial patchiness in the epilithic community, between 
groups of stones, over distances of several to hundreds of metres. 
At smaller spatial scales, there are strong differences in the 
densities of organisms between neighbouring stones, which may be 
only a few centimetres apart. This is due to local-scale variation in 
biological and physical processes. An example of the former is the 
differences in grazing pressure by Tinodes on Cladophora on tall 
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and flat stones, due to the apparent reluctance of Tinodes to 
colonize tall stones. Physical processes include local disturbance of 
individual stones by wave action and vertebrates such as cows and 
large fish. 
At an even smaller spatial scale, there may be strong patchiness 
within a single stone, largely due to the both negative and positive 
effects that individual Tinodes exert on other organisms. This can 
include grazing of algae and exclusion of other invertebrates from 
areas around galleries and enhancement of the densities of micro- 
algae and smaller invertebrates on and within the gallery itself. 
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